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We describe a set of single molecule fluorescence experiments that directly demonstrate 
the existence of spatial and temporal heterogeneity in two different small molecule glass former, 
glycerol and ortho-terphenyl (OTP) as well as the polymeric glass former polystyrene near their 
glass transition temperatures. The rotational dynamics of a set of perylene diimide probes are 
investigated in each small molecule glass former in a temperature range near their glass 
transition temperature.  For all probes, the temperature dependence of their median rotational 
relaxation times (τc) reflect that of the structural relaxation of glycerol and OTP.  The 
distribution of relaxation times for each probe at each temperature span around one decade and 
remain constant across all temperatures probed.  In both glass formers, a trend as a function of 
probe rate of rotation occurs, where the fastest rotating probes exhibit the broadest τc 
distributions.  Unexpectedly, a correlation between the rotational dynamics and the strength of 
the probe’s intermolecular interactions with the host is seen.  In OTP, the fastest rotating probe is 
the smallest probe, with the lowest molecular weight, as expected.  But in glycerol, the largest 
probe exhibits the fastest rotational dynamics.  This counterintuitive result arises from the 
apparent inhibition of hydrogen bonding between the probe and host due to bulky non-polar 
groups sterically hindering the polar carbonyl groups on the probe.  Analysis of dynamic 




times the structural relaxation) 
 
does not reveal the presence of temporal heterogeneity on this time scale.  Another technique 
employed to assess exchange on a shorter time scale reveals that ~30 % of molecules exhibit 
temporally heterogeneous behavior. 
Single molecule experiments on polystyrene (PS) near its glass transition temperature are 
also presented.  Here, the rotational and translational dynamics of perlyene diimide probes in 100 
nm PS films near its glass transition are studied. As in glycerol and OTP, average rotational 
relaxation times are found to mimic the temperature dependence of the host structural relaxation.  
These studies, intended as control experiments for confined film SM studies, reveal spatial and 
temporal heterogeneity in PS dynamics.  The measured distribution of rotational relaxation times 
spans 1.5 decades and remains constant across all temperature probed. These distributions fall 
between the expected distribution width for the purely spatially and temporally heterogeneous 
cases, suggesting the distributions are comprised of combination of spatial and temporal 
components. The median stretching exponent (β) from fitting SM trajectories results in β = 0.63 
and a “quasi-ensemble” result of β = 0.58 found from combining SM linear dichroism 
autocorrelation functions. These represent the smallest stretching exponents reported for single 
molecule studies in supercooled liquids to date, indicating that the probe employed truly mirrors 
the dynamic heterogeneity of the host.  The SM rotational relaxation rates are found to be 
correlated to their stretching exponents i.e. the lowest relaxation rates also have, on average, the 
lowest β values.  Additionally, small stretching exponents are correlated with long trajectories, 
suggesting that the rate of rotation together with the length of the trajectory dictate the degree of 
heterogeneity the probe is able to sample.  Surprisingly, a mobile layer is observed in the films at 
temperatures near the glass transition.  Translating molecules in this region are tracked and 
represent ~10% of the total molecules evaluated in this film.  Molecules in the mobile region 
 
appear to be diffusing at rates that are magnitudes greater than the molecules rotating in the bulk 
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Chapter 1. Introduction 
1.1 Supercooled Liquids and Glasses 
1.1.1 The Glass Transition 
If a liquid is cooled below its melting temperature (Tm) fast enough to avoid the first 
order phase transition to a crystal, it will remain in a disordered liquid-like state even as it is 
2 
 
cooled to temperatures far below Tm (Figure 1.1, liquid schematic inset).  As the temperature of 
this ergodic system is further decreased, its viscosity will increase quickly, often in a non-
Arrhenius manner.  At a characteristic temperature below Tm, known as the glass transition 
temperature (Tg), the system falls out of equilibrium and transitions into a solid-like, non-ergodic 
state called a glass. The layman’s definition of “glass” refers to SiO2 in its glassy state, though 
many vastly different types of materials including small organic molecules, metals, inorganic 
complexes, and polymers all are able to form glasses. 
Glasses behave as solids and appear structurally homogeneous and yet they are not 
thermodynamically stable, as the crystalline state is lower in free energy.  While in this non-
equilibrium state, the glass can relax or “age” over time to a more stable glassy state.  The fact 
that the glass is i makes it difficult to define a single Tg. Indeed, different cooling rates can yield 
different Tg values, as a slower cooling rate allows the liquid to obtain a more kinetically stable 
arrangement before it crosses over into the glassy regime (Figure 1.1). Given enough time, the 
less stable glass will age to the same stable state as the more slowly cooled glass.
1






Figure 1.1 A schematic representation of changes in volume and enthalpy of a system with respect to temperature.  
If a liquid is cooled, it can crystallize to a solid (dark blue line, schematic of solid, inset) or instead remain in the 
liquid state, eventually forming a glass (light blue line/purple line).  Glass a is associated with a slower cooling rate 
than glass b.  Figure 1.1 is reproduced from Reference 1 with permission from the publisher. 
Because the glass transition temperature is difficult to define, in practice many definitions 
have been employed. Among the definitions are the temperature at which: (1) a dramatic drop in 
heat capacity is measured during differential scanning calorimetry, (2) the average structural 




  While 
these definitions do not necessarily converge on exactly the same temperature, they are often 
within 1-2 K and thus any of these definitions serve as a reasonable benchmark for experimental 
measurements. 
Understanding the underlying cause of the glass transition and properties of glassy 
systems has been an area of active research for many decades. While many interesting 
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phenomenon about glasses have been uncovered, molecular motions of glasses are still poorly 
understood.  By understanding these molecular motions, we will be able to uncover the origin of 
the glass transition.  Since the contributions from the heterogeneity inherent in liquids near the 
glass transition temperature are poorly understood, understanding the molecular motions will 
provide clues as to the role heterogeneity plays in the glass trasition.  Since systems in the glassy 
regime are non-ergodic, their dynamics are extremely difficult to study in the lab and through 
simulations. Experimentalists often turn to supercooled liquids, amorphous systems in the 
temperature range between Tm and Tg, to study molecular motions of this type of condensed 
matter, since the time scales of molecular motion in these systems are more easily observed. 
1.1.2 Supercooled Liquids 
The term supercooled liquid simply refers to a system between Tm and Tg that lacks long 
range order. When supercooled liquids are cooled below Tm, their viscosity increases as they 
approach Tg.  Some glass formers have a temperature dependence that follows Arrhenius 
behavior given by the equation,      
  
    , where η(T) is the viscosity as a function of 
temperature, Ea is the activation energy and kB is the Boltzmann constant. These are referred to 
as “strong” glass formers (Figure 1.2). Many glass formers deviate from this relationship and 
have a more dramatic increase in viscosity as temperatures approach Tg.
1,3,4
  These glass formers 
are referred to as “fragile” glass formers and are the main focus of this thesis work.  The non-
Arrhenius behavior of the viscosity as a function of temperature is well-described by the Vogel-
Tamman-Fulcher equation,       
  
 
      , where T0 is the Vogel temperature and A  and B 




Figure 1.2 A log plot of viscosity with respect to temperature normalized by Tg for different glass formers.  As 
shown in this plot, strong glass formers, like SiO2, exhibit Arrhenius behavior whereas fragile glass formers exhibit 
non-Arrhenius behavior.  The work presented in this thesis focuses exclusively on fragile glass forming liquids.  
Figure 1.2 is reproduced from Reference 2 with permission from the publisher.  
The quickly increasing viscosity in the supercooled regime is accompanied by 
microscopic changes to the system as temperature is lowered from above Tm towards Tg. These 
changes are not overtly structural but do affect system dynamics. Indeed, the dynamical behavior 
of supercooled liquids near Tg differs from that of normal liquids.  When a normal liquid above 
its Tm is perturbed, by – for example – an electric current, the relaxation of the system back to 
equilibrium as assessed by the decay of the autocorrelation of a monitored property, can be 





, where τc is a single relaxation 
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time. If the same perturbation is performed on a supercooled liquid, the relaxation will typically 
be more accurately described by a stretched exponential decay or Kohlrausch-Willams-Watt 






, where β < 1.  The β value of the KWW function is a measure 
of the degree of non-exponentiality of a system’s relaxation, with the more β deviates below 1, 
the more “stretched” the relaxation process.  Relaxation processes measured in ensemble 




Non-exponential relaxation of glass formers can arise from two extreme scenarios. A 
“heterogeneous” case where the system is broken up into distinct spatial domains that all relax 
independently, each in an exponential fashion with a distinct relaxation time (Figure 1.3).
5
 This 
scenario is sometimes called the “spatial heterogeneity” case.  A “homogenous” scenario is also 
possible: in this case each spatial domain is indistinguishable in that they all relax in tandem as 
in a normal liquid; however, here they do so in a non-exponential fashion. One way for this 
scenario to manifest is for environments within the system to change in time on a timescale 
similar to the average relaxation time of the system. This scenario may be termed the “temporal 
heterogeneity” case. Each of these extreme scenarios may yield the same ensemble stretched 





Figure 1.3 A schematic depiction of two extreme scenarios that yield an identical ensemble non-exponential 
relaxation as is typically measured in supercooled liquids.  On the left, the homogeneous case reflects a scenario 
where all domains relax in the same, non-exponential manner.  On the right, the heterogeneous scenario illustrates 
the case where each spatial domain relaxes exponentially, with a distinct time constant. Figure 1.3 is reproduced 
from Reference 5 with permission from the publisher. 
The most common interpretation of the non-exponential behavior of glass formers 
meshes the homogeneous and heterogeneous scenarios. Although supercooled liquids appear to 
lack static structural heterogeneity, they may consist of a mosaic of spatial regions, each having 
distinct relaxation time scales. These regions are likely related to “cooperatively rearranging 
regions” (CRRs) that are slowly but constantly interchanging over time. 
2,6–9
   The slowing 
dynamics as a system approaches the glass transition can be explained by the emergence of 
CRRs.  However, there remains ongoing debate over the length and time that characterize the 
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spatially heterogeneous dynamics as well as whether the growing length scales of CRRs govern 
dynamics of supercooled systems as they approach Tg.  Given the non-exponential relaxations 
measured in ensemble experiments on supercooled liquids as well as the putative existence of 
CRRs, the non-exponential dynamics are thought to be predicated on the existence of spatial 
heterogeneity, but spatial heterogeneity that is evolving such that the same regions display 
different dynamics over time. Since bulk measurements cannot discern whether the non-
exponential decay arises from spatial, temporal or some combination of both forms of 
heterogeneity, experimental techniques with the ability and resolution to probe these cases 
independently are critical. 
1.2 Small Molecule Glass Formers: Single Molecule Studies 
1.2.1 Previous Work 
Novel methods to avoid full ensemble averaging and interrogate sub-ensembles of 
molecules have been developed and employed to provide insight into the degree of each type of 
heterogeneity in small molecule supercooled liquids. 
2,6,10–12
  To limit spatial averaging as much 
as possible and interrogate molecular length scales in these systems, single molecule (SM) 
approaches have been employed.
13–16
  The SM technique that has been most commonly applied 
to the study of supercooled liquids involves embedding fluorescent probes very dilutely in the 
host under study and monitoring SM probe rotations over time through measurement of probe 
linear dichroism (LD). In theory, these experiments can identify both spatial and temporal 
heterogeneity in supercooled liquids through analysis of differences between individual SM 
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probe behavior (spatial heterogeneity) and differences in behavior that occur for a given SM over 
time (temporal heterogeneity) (Figure 1.4).  In practice, one must ensure that the probes are 
indeed mirroring the host’s dynamics and not perturbing the host if such an approach is to reveal 
the details of spatial and temporal heterogeneity in these systems. 
 
Figure 1.4 A schematic of single molecule probes dispersed in a supercooled liquid.  Large green ellipsoids 
represent probe molecules and smaller ellipsoids represent host glass former molecules with varying colors 
indicating distinct relaxation rates, i.e. spatial heterogeneity, within the system.  The red arrow indicates some 
elapsed time t and the red dashed circle highlights a region with a change in dynamics over that time period, i.e. 
temporal heterogeneity. 
1.2.2 Experimental Shortcomings 
Identifying temporal heterogeneity and distinguishing spatial and temporal heterogeneity 
have proven difficult in practice, due in large measure to typical SM probe characteristics.
12,17,18
 
First, SM probes are usually large, and their rotations are slow compared to molecular motion of 
the host molecules. It is possible that dynamic exchange -- the changes in dynamics of particular 
regions of the supercooled liquid over time -- occurs on time scales that are faster than and/or not 
well separated from probe rotational time scales, thus limiting probe ability to report these 
dynamics. Moreover, typical SM probes photobleach on time scales that limit trajectory length, 
10 
 
which affects the accuracy of variables obtained from fitting correlation functions derived from 
these trajectories. It may be expected that an SM LD trace analyzed via an autocorrelation 
function (ACF) would yield a single exponential decay if the probe were experiencing an 
environment of given dynamics but would yield a stretched exponential decay for an SM that 
explored multiple such environments. Unfortunately, typical SM LD trajectories are short 
enough and therefore display an erroneous decay that would be best fit by stretched exponential 
decays even in the presence of homogeneous dynamics.
19–22
  This complication requires that 
temporal heterogeneity be identified with other approaches, and several such approaches have 
been developed.
14,15,17,23,24
 One approach, investigated in the Kaufman lab, involved simulating 
probes within systems with varying breadth of spatial heterogeneity and varying trajectory length 
to set a threshold for determining when SM probe reports of seeming heterogeneity can be taken 
as valid reports on the heterogeneous character of the host.
20
 Unfortunately, this approach can 
only yield information on time scales much longer than the structural, or -relaxation time, , of 
the host, a time scale that has been suggested to be similar to that of dynamic exchange at 
temperatures near Tg.
25–27
   
1.2.3 Thesis Contribution: Probe Dependent Studies 
The first stage of this thesis work was carried out to potentially identify temporal 
heterogeneity and quantify dynamic exchange on shorter time scales by monitoring the rotational 
dynamics of a set of three SM probes.
16
  By systematically employing probes with the same core 
but differing side chains, the effects of the probe size, speed, and lifetime until photobleaching 
could be more fully investigated. These SM studies in supercooled glycerol revealed that the 
largest probe employed unexpectedly displayed the shortest rotational correlation time, likely 
11 
 
because steric hindrance prevented it from participating in glycerol’s hydrogen-bonding network. 
A key observation of this study was the faster the probe’s average rotational correlation time, 
regardless of probe size, the broader the distribution of individual SM probe rotational 
correlation times. We hypothesized that the most quickly rotating probe reported the greatest 
breadth of heterogeneity in the host because it did less averaging over dynamic exchange in the 
system, allowing it to more accurately report the spatially heterogeneous dynamics of the 
surrounding supercooled glycerol than could the slower probes.   
The results of the study of SM probes in supercooled glycerol led to predictions for how 
these probes would behave in other supercooled liquids, and we undertook such a probe- 
dependent study in a non-polar glass former, ortho-terphenyl (OTP). Here the molecular 
interactions between all employed probes and the host were expected to be very similar and thus 
probe relaxation time would decrease with decreasing probe size monotonically. As in glycerol, 
we expected the probes in OTP to show an increase in breadth of rotational relaxation time 
distribution with decreasing average probe rotational correlation time, consistent with fast probes 
doing less averaging over and better reporting of dynamic exchange occurring in the host. 
Because OTP is a more fragile glass former than glycerol, and fragility may be correlated with 
the degree of heterogeneous dynamics in a glass former
2, 29
, we examined whether results from 
these studies suggest differences in the relative heterogeneity of glycerol and OTP. 
12 
 
1.3 Confined Polymers 
1.3.1 Background 
Polymers are another type of glass former that are used for a wide range of technological 
applications. Polymeric materials have much more desirable viscoelastic and transport properties 
than organic glass formers and therefore are utilized frequently in building materials, consumer 
products, and functional electronic materials such as solar cells and personal electronic devices.  
Polymers are easily manipulated, inexpensive to produce, and resilient to external factors 
including large temperature fluctuations, corrosive environments and light exposure. As with 
other technologies, applications utilizing polymers are moving towards miniaturization, down to 
the nanoscale level. At this length scale properties distinct from the bulk properties of the system 
may dominate system behavior.   By determining the non-exponential nature of the will help 
determine the heterogeneity and therefore the limitations of these applications in more detail for 
commercialization purposes. 
An interesting phenomenon that occurs when polymers are confined to geometries or thin 
films on the nanoscale is a shift from the bulk glass transition temperature. 
30–40
  When a 
polymeric system is confined to < 100 nm, for instance in a thin film, the system size may be 
smaller than the end to end distance of the polymer chain itself. In this situation, the polymer will 
exist in a conformation distinct from that in a bulk system. Presumably, the change in the glass 
transition temperature in such systems is a consequence of these conformational differences that 
result in altered relaxation dynamics of the system. In some instances, confinement of a 
polymeric system results in a depressed glass transition temperature 
30,31,34–36,39,41–45
. On the other 





  Given this diversity of findings, a fuller understanding of the underlying details of the 
change in Tg and the associated changes in dynamics is needed. 
51–54
 
1.3.2 Existence of a Mobile Layer Affects Tg  
 Many experiments have suggested that a depression in the glass transition temperature in 
confined thin film polymers is a result of increased mobility of the surface layer (Figure 1.5).  
Several physical pictures of thin film polymer systems have been proposed to explain the variety 
of observed phenomena. First, the depression of the glass transition temperature has been seen in 
thin film polymers as the films become thinner, 
31,34,55–57
 which is believed to be at least in part 
due to increased molecular mobility near the free surface dynamics.  The free surface layer, i.e. 
the top layer of a polymer film sharing an interface with air, can be thought of acting as a liquid-
like layer atop a much less mobile, supercooled system.  On the other hand, a variety of studies 
have found an increase in Tg; This is thought to be due to polymer-substrate interactions slowing 
the system’s dynamics.
41,47,58–60
  These two physical situations do not have to be mutually 
exclusive, and the resultant Tg upon confinement can dependon which effect dominates in the 
competition of the increased mobility from surface dynamics or slowed dynamics from substrate-
system interactions.  The work presented in this thesis focuses on systems that consistently have 
been found to have reduced Tg under confinement, presumedly as a result of a mobile free 
surface layer. Specifically, we study confined polystyrene films supported by SiO2 substrates 






Figure 1.5 A schematic of a confined polymer system where the mobile species are in red and the bulk-like species 
are in blue. Figure 1.5 is reproduced from Reference 63 with permission from the publisher.  
1.3.3 Ensemble Studies Attempt to Probe Mobile Layer Dynamics 
Results of studies exclusively investigating the mobile surface layer thin polymer films 
do not completely coincide. Some experiments of PS thin films, free-standing and supported, 
have yielded results that suggest a mobile region at the surface of the film that penetrates tens of 
nanometers into the film.
32,63,64
  The remaining “bulk” interior of the film exhibits bulk-like 
dynamics and a small layer near the substrate exhibits either bulk or simply arrested dynamics.
65
  
Alternatively, an experiment exploiting fluorescence anisotropy measurements in free standing 
PS thin films, found the mobile layer is at most 7 nm in thickness at Tg and is independent of 
total film thickness. 
66,67
 
Directly probing the mobility of segmental and terminal end chain dynamics at the surface 
and within the confined film will help elucidate experimental discrepancies and create a deeper 
understanding of the origin of the change in Tg upon confinement.  Segmental dynamics, the 
torsional dynamics of the inter-chain of the polymer, have been found to be the main contributor 
of the change in Tg upon confinement.
7
  Probing these dynamics via techniques including 
dielectric spectroscopy and fluorescence anisotropy have been the focus of many recent studies. 
68,69
  Unfortunately, such measurements are not height resolved and measurements at a particular 
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depth from the surface are not possible. Additionally, such measurements of thin polymeric films 
are ensemble averages thus preventing differentiation of spatial and temporal heterogeneities 
within the system. 
Some recent experiments have attempted to combat averaging over the unique layers of the 
film, i.e. mobile vs. bulk portions, by exclusively probing the mobile surface.  Experiments using 
atomic force microscopy (AFM) have been used to probe the first ~3 nanometers of a polymeric 
thin film .
62,70
  These experiments can only probe the surface, losing any information about the 
thickness and mobility of interior regions. Other experiments create multilayer films, containing 
layers with labeled components and with unlabeled components. The thickness and position of 
the labeled layer can be varied and the mixing of the labeled and unlabeled layers can be 
monitored.   This method’s resolution is limited by the labeled layer’s thickness. 
32,63,64
 
1.3.4 Thesis Contribution: Single Molecule Studies of Bulk and Confined Polymer Films 
In preliminary work, we attempt to elucidate experimental discrepancies described above 
through single molecule studies of confined polymer films. These measurements also provide a 
more detailed and extensive study of the spatial and temporal heterogeneities of these films.  In 
advance of investigating confined films via single molecule measurements, experiments 
investigating bulk films of polystyrene were carried out to detail the spatial and dynamic 
heterogeneities in these systems. Much like the small molecule glass former studies, polystyrene 
was doped with single molecule perylene diimide type probes and spincoated to be of bulk-
regime thickness.  As expected, SM results from PS films follow the same temperature 
dependence of PS, indicating the probes are following the dynamics of the host.  The dynamics 
of the probe molecules were shifted by ~0.4 decades in rotational relaxation time, as expected 
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given the size of the probe relative to that of the monomers comprising the PS.  These 
measurements revealed a wider breadth of relaxation times than have been seen in any molecular 
supercooled liquids using similar probes.  Similarly, the median stretching exponent of the single 
molecule trajectories approaches those reported in dielectric studies. Taken together, these 
findings indicate that the PDI probe employed may be a more appropriate reporter of dynamics 
of high molecular weight polystyrene than of small molecule glass formers.   
In the measurements described above, unexpectedly, a subset of probe molecules 
appeared to be exhibiting dynamics much faster than the majority of the probes. We believe this 
may be an indication that a mobile layer was present and probed. This observation further 
motivates planned single molecule experiments in confined films to be carried out using the 
same probes.  Taking previous single molecule studies of confined films into consideration 
71–73
, 
the motivation to carry out new single molecule studies in confined films is multifaceted: to help 
uncover the details of the heterogeneous nature of the bulk and confined portions of the film; to 
investigate a temperature range, spanning well below and above Tg to investigate dynamics of 
the dynamics of mobile and bulk layers at these temperatures and understand the temperature 
dependence of the mobile region; and to assign a length scale to the mobile region and examine 
the dependence of thickness of the film of the mobile region. 
1.4 Outline of Thesis 
The work in this thesis exploits single molecule microscopy in an effort to gain a deeper 
understanding of different aspects of the dynamics of the supercooled regime of glass forming 
systems.  Chapters 2 and 3 focus on probe-dependent rotational measurements in glycerol and 
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OTP that assist in understanding the breadth and degree of heterogeneity found in glass forming 
systems.  In Chapter 4, results of SM rotational studies in supercooled polystryrene are reported 
to both gain deeper insight into spatial and temporal heterogeneity in polystyrene and as a 







Chapter 2. Probe Dependent 
Studies in Supercooled 
Glycerol 
This chapter is adapted from Reference 16. 
 
In this chapter, results of SM experiments in supercooled glycerol in a temperature range 
near Tg using three different perylene diimide probes are presented.  These probes were used to 
investigate whether probe size and probe–host interactions affect breadth of heterogeneity 
reported in the glassy host by such SM experiments.  Through the use of widefield (WF) SM 
microscopy, heterogeneous dynamics are identified by following rotational dynamics of many 
single molecule probes in the same sample simultaneously. Breadth of rotational relaxation times 
of such probes are monitored and report on spatial heterogeneity. Temporal heterogeneity i.e. 
explicit changes in particular molecules’ dynamics over time are quantified by exchange time, 
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the average time over which an environment is characterized by a single relaxation time, on short 
and long time scales using methods proposed previously.
14,17
  Measurements across probes are 
compared to more fully understand probe ability to report spatially heterogeneous dynamics. 
2.1 Motivation for Probe Dependent Studies 
 Results from SM experiments on small organic molecule supercooled liquids to date have 
been largely consistent with each other in terms of reported spatial heterogeneity.
13–15
 Most 
recently, two studies following probe molecule rotation in supercooled glycerol reached similar 
conclusions regarding the breadth of spatial heterogeneity present in the system. However, the 
two studies reached different conclusions regarding temporal heterogeneity.
14,15
  In particular, in 
WF SM microscopy using rubrene as a probe in glycerol at 1.07 Tg, we reported that ≈ 15% of 
the molecules assessed experienced detectable changes in dynamics over the course of the 
experiment.
15
  Of the molecules experiencing detected exchange, the average time until first 
exchange (pers) and the average time between exchanges (ex) were, respectively, ≈ 60 and 30 
times the rotational correlation time of the rubrene probe, c. Given the rotational correlation 
time of rubrene relative to glycerol’s structural or - relaxation time (these values translate 
to pers ≈ 400  and ex ≈ 200 . In contrast, Zondervan et al. measured rotations of a perylene 
dicarboximide probe (N,N′-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide, tbPDI) 
in glycerol and, over the temperature range of 1.08Tg – 1.12Tg, found evidence for very long-
lived spatial heterogeneities, with almost all molecules exhibiting persistent rotational relaxation 






  This finding suggested a picture of 
supercooled glycerol as a mosaic of liquid-like regions separated by a nearly static network. The 
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presence of such a network is not consistent with the picture of supercooled liquids as ergodic, 
interchanging mosaics of local environments
7–9
  but was further supported by rheological 
findings and a study indicating fluorescent probes in supercooled glycerol are excluded from 
micron-size regions that may delineate the solid-like network.
74,75
 
 The discrepancy in measured exchange time relative to  in supercooled glycerol as 
revealed by the two SM microscopy experiments may emerge from a combination of factors. 
These include differences in probe size, probe-host interactions, sample preparation, and analysis 
methods. The probes used in the two studies were quite different in size and somewhat different 
in interactions with the host. The tbPDI used by Zondervan et al. is significantly larger (767 
g/mol) and more structurally anisotropic than rubrene (532.7 g/mol), though both are 
significantly larger than glycerol (92 g/mol). Probes approaching the size of a region 
characterized by a single relaxation time in a system with spatial heterogeneity may sample and 
average over several distinct environments and thus fail to report the presence or full breadth of 
spatial heterogeneity in the system (Fig 2.1a). Just as large probe molecules may average over 
heterogeneities in space, they may also do so in time. Even in the presence of heterogeneous 
regions much larger than the probe, if the time scale for probe rotation is similar to or slower 
than the typical time over which a fast region of the supercooled liquid becomes slow or vice-
versa, the probe dynamics will not mirror the exchanges occurring in the environment (Fig 2.1b). 
Both types of averaging over spatially heterogeneous dynamics in molecular glass formers have 
been considered previously
27,76–87
, though probe dependence studies have not yet been 
undertaken for single molecule approaches. Just as probe size may affect probe ability to report 
spatially heterogeneous dynamics in the host, interactions between probe and host molecules 
may do so as well.  For example, a probe with strong interactions with the host may rotate with a 
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shell or partial shell of host molecules, increasing the effective size of the probe. Another 
possibility is that probes may segregate into non-representative regions of a polar host or vice-
versa and in turn report preferentially on these regions of the supercooled host. 
 
 
Figure 2.1 Schematic of a probe (red solid ellipsoid) in two different types of heterogeneous environments. (a) The 
probe is surrounded by two regions exhibiting different dynamics. Assuming the filled ellipsoids represent slow 
molecules and the striped ellipsoids represent fast molecules, if these regions maintain their dynamics for infinite 
time (i.e. there is spatial but not temporal heterogeneity in the system), a large probe will rotate through both types 
of regions, reporting an average dynamics. (b) If all molecules surrounding the probe are fast but become slow 
during the probe rotation (i.e. there is temporal heterogeneity but no spatial heterogeneity in the microenvironment 
of the probe), the probe will also only report an average dynamics. In the presence of both spatial and temporal 
heterogeneity, the probe may average over spatially heterogeneous dynamics both in space and time and may not 
report the full breadth of spatially heterogeneous dynamics in the system. 
  
In addition to differences in probe size and probe-host interactions, differences in sample 
preparation could contribute to the differences seen in exchange time in the two SM studies in 
supercooled glycerol. Mackowiak et al. used a cooling rate of  ≈ 5 K/min while Zondervan et al. 
cooled approximately two orders of magnitude more slowly.
14,15
  In the generally accepted view 
of the supercooled liquid as ergodic, cooling rate and time in the supercooled regime should not 
affect behavior of the system so long as a crystalline transition is avoided. However, Xia et al. 
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found patterns of micron length scale fluorophore density variations in supercooled glycerol, 
with the patterns differing with sample cooling rate.
75
  A final factor that may have strongly 
influenced the different findings on temporal heterogeneity in the two SM experiments in 
glycerol relates to the manner in which temporal heterogeneity was assessed. The sliding 
window autocorrelation used by Mackowiak et al. reports on probe molecules, and presumably 
the surrounding host environments, that alter their dynamics from average to slower than 
average. This approach examines a portion of the “dynamic exchange phase space” between ≈ 10 
and 300 c, or, for a rubrene probe, ≈ 100 - 3000 . On the other hand, the approach described in 
Ref. 14 investigated changes over much longer time scales, and was directly sensitive to 




 .  In this approach, molecules that do not exhibit 
exchange during the experiment can also be assumed not to have experienced exchange on time 
scales shorter than those probed directly (down to those timescales associated with accurate rate 
determination of rotational correlation times of the probe [≈ 400 for tbPDI].   
 In this work, we use SM microscopy to monitor the rotations of three perylene probes, 
including the one used by Zondervan et al., in supercooled glycerol over the temperature range 





investigate the temperature dependence of spatial and temporal heterogeneity as reported by 
perylene probes in glycerol, and more broadly investigate sensitivity of SM microscopy findings 
in supercooled liquids to probe size and interactions.  
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2.2 Detailed Sample Preparation 
 Solid N,N’-Bis(2,6-dimethylphenyl) -3,4,9,10-perylene dicarboximide  (dpPDI), N,N’-
Bis[(3-dimethylamino)propyl]-3,4,9,10-perylenedicarboximide (dapPDI), and N,N’-Bis(2,5-tert-
butylphenyl)-3,4,9,10-perylenedicarboximide (tbPDI) are obtained from Sigma Aldrich (Fig. 
2.2). dpPDI and tbPDI are provided as solids and are dissolved in ethanol (Sigma Aldrich, 
spectrophotometric grade) to obtain  ≈ 1.0 x 10
-4 
M concentration solutions. dapPDI is provided 
as a 1 mM solution in [2-N-morpholino]-ethanesulfonic acid and is diluted to 1 x 10
-6 
M in 
ethanol. For dpPDI, 1.6 l of 1.0 x10
-7
 M solution is added to 200 l of glycerol giving a 8 x 10
-
10
 M dye concentration. For tbPDI, 2.0 L of 1.0 x 10
-7
 M is added to 100 L of glycerol giving 
a 2 x 10
-9 
M dye concentration. For dapPDI, a somewhat higher concentration is required for 
optimum number of visualized probe molecules per typical field of view. 2.0 L of 1 x 10
-6
 M 
dapPDI solution is added to 100 L of glycerol to produce a 2x10
-8 
M solution. The number of 
visualized molecules per typical field of view is comparable for all three probes, and the 
discrepancy in final concentration between the dapPDI and the other probes employed is 




Figure 2.2 Perylene derivatives used in this study. (a) N,N’-Bis(2,6-dimethylphenyl)-3,4,9,10-
perylenedicarboximide  (dpPDI), molecular weight (MW) = 598.65 g/mol (b) N,N’-Bis[3-(dimethlyamino)propyl]-
3,4,9,10-perylenedicarboximide (dapPDI), MW = 560.64 g/mol (c) N,N’-Bis(2,5-tert-butylphenyl)-3,4,9,10-
perylenedicarboximide (tbPDI), MW = 766.96 g/mol. 
 
 In all cases, the dye solutions are added to glycerol that is photobleached for 2 weeks in a 
bleaching setup
11
. To ensure mixing, the PDI/glycerol mixtures are heated for 20 – 60 minutes at 
120
o
C and shaken occasionally under exclusion of light to avoid photobleaching. The 
PDI/glycerol solutions are spin coat (Specialty Coating Systems, Model P6204) at 8000 rpm 
from a 120
 o
C solution onto a silicon wafer (University Wafer). Just prior to spin coating, each 
wafer is sonicated in acetone (Sigma Aldrich, spectrophotometric grade), rinsed with Millipore 
water, and heated briefly in an open flame to pyrolyze any remaining impurities and oxidize the 
surface to improve the wetting of the glycerol. The spin-coating procedure produces a glycerol 
25 
 
film of several hundred nanometer thickness in the center of the wafer, as judged by the color of 
the film and the interference fringes. 
 The sample is placed into a microscopy cryostat (Janis Research Company Inc, Model 
ST-500-LN) using vacuum grease (Apiezon N) to optimize thermal contact between the sample 
stage and silicon wafer. The cryostat is evacuated and flushed with dry nitrogen five times at 
room temperature (at pressures no lower than 1 mTorr to prevent evaporation of glycerol) and 
subsequently cooled at ≈ 5 K/min to the desired temperature (T = 198-212 K). Upon reaching the 
measurement temperature, the cryostat is evacuated for 1-2 hours to a pressure of 0.3 mTorr. The 
evacuation procedure is required to remove water, which can be absorbed during spin coating. 
The water content of glycerol was confirmed to be reproducibly < 0.5% both when removed 
from the bottle and after 15 minutes at atmospheric conditions by viscosity measurements. The 
time required for spin coating and transfer of the sample to the cryostat is ≈ 5 minutes, after 
which the evacuation procedure is performed:  we thus expect 0.5% water to be an upper bound 
on the water content.  
2.3 Optical Setup 
 Data is acquired using a home built microscope in an epi-fluorescence configuration 
(Figure 2.3).  The 514 nm line of an Argon ion laser (Melles Griot 43 series, 543-APAO1) is the 
excitation source. The emitted light is directed through a laser line filter (Semrock, LL01-514), a 
/2 waveplate (Karl Lambrecht), and an electro-optic modulator (EOM; Conoptics, modulator 
M370 and amplifier 302RM). The waveplate aligns the polarization of the incoming laser light 
with the crystal axis of the EOM. The EOM switches the light between s and p polarization at a 
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frequency of 1 kHz.  A second/2 waveplate (Karl Lambrecht) after the EOM is used to align 
the incoming polarization to ensure a polarization ratio of at least 50:1 after the objective. The 
excitation beam is reflected towards the objective lens by a dichroic mirror (Semrock, FF520-
Di01-25x36). The light is focused onto the rear focal plane of a long working distance objective 
with correction collar (Zeiss, LD Plan - Neofluar, air 63x, NA=0.75, WD = 1.5 mm), resulting in 
a collimated excitation beam. This objective lens allows imaging through the 0.5 mm thick 
cryostat window with an additional separation of 0.25 mm between the cryostat window and 
sample. The illumination area is a circle of ≈ 70 m diameter. The fluorescence signal is 
collected by the objective in the epi-direction, passed through the dichroic mirror, and further 
filtered by a long pass filter (Semrock, LP02-514RS-25). Fluorescence is directed through a 
Wollaston prism (Karl Lambrecht) and another bandpass filter (Chroma, 600/150m) onto an 
EMCCD camera (Andor, iXon DV887). The Wollaston prism splits the signal into two 





Figure 2.3 Schematic diagram of home built epifluorescence SM microscope. BS= beam splitter, L=lens, F= filter, 
AOM=acousto-optic modulator, EOM=electro-optic modulator. Inset shows detail of the cryostat. The cryostat has 
two temperature sensors, but only the Pt RTD is used to determine sample temperature, as the built-in Si sensor sits 
atop the heating ring. The window has a thickness of 0.5 mm, and the distance between window and sample is 0.2 
mm. The cryostat is cooled with liquid nitrogen (LN2). The size of the sample is 0.5x0.5 mm
2 
. 
. The drawing is not to scale. 
 Data is collected at temperatures between 198 – 212K.The frame rate is adjusted to ≈ 20 
frames per expected median rotational relaxation time of the probe, <c>, as determined from 
preliminary experiments. For frame rates of 5 – 20 Hz (as are used for dpPDI at temperatures ≥ 
208K, dapPDI at temperatures ≥ 206K, and tbPDI at temperatures ≥ 204K), sample illumination 
is continuous, and exposure times are the inverse of the frame rate. The laser powers used for 
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data collected at these frame rates are 6 – 24 mW, as measured before the objective. For frame 
rates of < 5 Hz, sample illumination and exposure times are 0.2s followed by a period without 
illumination of 0.3s (2 Hz), 0.8s (1 Hz), 1.3s (0.67 Hz), 1.8s (0.50 Hz), 2.8s (0.33 Hz), 3.8s (0.25 
Hz), or 5.8s (0.167 Hz). During the period without illumination, the laser is shuttered with a 
mechanical shutter. Average powers used at these frame rates are 3 - 8 mW at 2 Hz, 1- 4 mW at 
1 Hz, 1 – 2 mW at 0.67 Hz, 1 mW at 0.5 Hz, 0.5 – 1 mW at 0.33 Hz, and 0.5 mW at 0.25 and 
0.167 Hz. For a given sample at a given stage set temperature, data is collected at multiple laser 
powers to test and potentially correct for heating of the system, as described in Appendix A. The 
excitation powers and frame rates chosen yield data with similar signal to noise ratios across 
temperatures and allow collection of  ≈ 5000 frames per movie (at least 150 <c>) with few 
molecules photobleaching early in the experiment. A total of 23, 29, and 51 movies are collected 
for dpPDI, dapPDI, and tbPDI, respectively. For dpPDI, all movies are collected on one sample 
over two days. For dapPDI and tbPDI, data is collected on two samples over three days each. 
Number of molecules analyzed at all temperatures for all probes is shown in Table 2.1.  
2.4 Data Analysis 
 Data analysis is performed using in house IDL based software (ITT Visual Information 
Solutions). The first 500 frames in a given movie are summed prior to identification of single 
molecules. The resulting summed movie image is filtered by convolution with a Gaussian 
intensity distribution. Individual features of a reasonable intensity above the background are then 
matched up into pairs -- one from the left channel and one from the right channel -- by using the 
known separation of the channels on the CCD chip.  Only features that are identified in both 
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channels and have characteristics consistent with single molecule fluorophores (reasonable 
intensity and single step bleach) are analyzed. 
 Once the locations of the fluorophores are established, all further analysis is performed 
on the raw, unfiltered images. The intensity of the fluorophore is calculated in both channels by 
integrating the intensities of pixels within 2-2.5 pixels of the identified feature center. In order to 
extract true fluorophore intensities, a spatially varying background that mimics the excitation 
beam profile is subtracted. The background is calculated for each molecule individually by 
averaging the intensities of the pixels surrounding the molecule from the limit of the intensity 
integration out to a radius of 4.5 pixels. In order to reduce the effect of other fluorophores that 
may border this background region, the top and bottom 10% of this distribution are excluded 
from the average. Background subtracted intensities are then recorded for each molecule in each 
frame of the movie. These intensities are denoted II  and || . Linear dichroism (LD) is then 
constructed from each frame of the movies as  










LD .                     (2.1)
 
LD values should span the range -1 ≤ LD ≤ 1; however, due to inaccuracies in background 
estimation and subtraction, LD values outside the expected range are sometimes present. In order 
to exclude these unphysical values, when a negative intensity is present in one channel of the 
background subtracted signal, that value is set to zero. This procedure does not affect 
information subsequently obtained from the LD trajectory.
15
 
 The deviation of the LD signal from a mean, )(LD)(LD)( ttta  , is used to construct 
an autocorrelation function (ACF):  
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tC  .        (2.2)  
 
As detailed in Ref. 15, while the ACF constructed from the SM LD signal is not an orientational 
correlation function of a single rank, given the experimental setup employed here, it is strongly 
dominated by )(2 tC , where 
tlDl
l etC
)1()(  with D the rotational diffusion constant, and thus 
this experiment is a single molecule analogue to fluorescence anisotropy.
1522,88,89
  When the ACF 
is well fit by an exponential decay with time constant exp, that value can be taken as the 
rotational correlation time, c, of the probe. When the ACF is best fit by a stretched exponential 
decay given by   








                                  (2.3) 
with  the stretching exponent, the extracted relaxation time is given by   












fit .                       (2.4) 
Due in part to the limited length of the LD trajectories, better fits are generally obtained from the 
stretched exponential fits;
1519,22,90
  thus, all ACFs are first fit with the stretched exponential form. 
Because the goodness of fit for the stretched exponential varies with trajectory properties, 
trajectory dependent fitting is performed.
15
 For molecules with low sampling rates (< 20 points 
per str exp), str exp is considered the relaxation time, and str exp = c. For trajectories with high 
sampling rate and trajectories longer than 50str exp, str exp is also set as the relaxation time, c. For 
high sampling rate trajectories shorter than 50str exp, a linear fit to the ACF is found to be more 
31 
 
accurate than the stretched exponential fit.
15,91
  Thus, these trajectories are re-fit to a line, ACF = 
mt + b for the longer of either 20% of str exp or five points. c is then given by b/m. 
2.5  Simulation Studies of Homogeneous Rotational Diffusion 
 Criteria with which to assess the reliability and sensitivity of the two methods we use to 
detect molecules undergoing dynamic exchange are obtained using simulations of three 
dimensional homogeneous rotational diffusion of a fluorophore along the surface of a sphere. 
The transition dipole of a fluorophore is represented by a unit vector that is rotated, with the 
rotation axis chosen randomly for each step. The vector is rotated about this axis by an angle 
whose magnitude is chosen from a Rayleigh distribution, with the diffusion constant chosen to 
give the desired time constant, c. Simulations are performed at 20 points per c for a trajectory 
length of 200 c, which approximates experimental conditions in this study.  
 From the simulated trajectories, x-, y, and z-components of the dipole orientation are 
used to calculate intensity and linear dichroism as they would be detected experimentally. 
Specifically, II  and ||  are calculated assuming collimated excitation and epi-collection with an 
objective of NA = 0.75, as described in Ref. 15. These intensities are scaled such that the average 
intensity correlates with that of a typical background subtracted experimental signal. Noise 
contributions are added to the simulated data. First, detector noise due to EM amplification of the 
CCD camera is considered. Detector noise has a variance (
2
) two times the intensity of the 
signal
92
, and to add noise of this type to the simulations each scaled intensity in the simulated 
trajectory is multiplied by a random number from a Gaussian distribution with mean equal to that 
intensity and variance equal to two times that intensity. Noise that may emerge from subtracting 
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the spatially varying background is also included. Experimentally, after the probe fluorophore 
bleaches, the standard deviation of the (background subtracted) intensity fluctuations is at 
maximum 30% of the mean intensity of the signal before bleaching. Given that these fluctuations 
arise from several sources, 30% is considered an upper bound on the noise introduced by 
background subtraction. This additional “background noise” is added to the simulated signal. At 
every point in the simulated trajectory, a randomly chosen value from a Gaussian distribution 





is added to the signal. After noise is added to the II  and || trajectories, as in the experimental 
traces, any negative intensities are set to zero. LD trajectories and ACFs are then calculated.  
2.6  Median Probe Rotational Relaxation Times  
 In typical liquids, the temperature dependence of the host viscosity allows prediction of 
the rotational relaxation time of a probe of known size in the liquid via the Debye – Stokes - 
Einstein (DSE) equation, 
 







  .     (2.5) 
 
The rotational relaxation time of the probeis given by c, Vh is the hydrodynamic volume of the 
probe, T is the temperature in Kelvin, kB is the Boltzmann constant, and (T) the temperature 
dependent host viscosity. The DSE equation assumes a non-perturbative and spherical probe. 
Using the DSE equation to predict probe rotational relaxation time in a supercooled liquid also 
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requires the assumption that DSE behavior holds in such systems. Experiments show that DSE 
behavior does describe probe rotations in small molecule supercooled liquids.
13,14,80–85,93–95
  For 
the SM experiments described in this work, the rotational DSE equation is used primarily to 
confirm that measured SM probe dynamics are reflecting behavior of the host. We use the DSE 
equation both to compare the temperature dependence of the rotational relaxation of the probe to 
the known temperature dependent viscosity of glycerol and to extract a hydrodynamic volume, 
Vh, for the probe. Using the DSE equation allows us to confirm (1) collection of a statistically 
significant sample set, (2) that the temperature dependence of the probe’s relaxation time tracks 
the viscosity of glycerol and thus reflects the host system’s behavior on some level, and (3) a 
reasonable size for the probe. 
 Fig. 2.2 shows the structure and abbreviations for the three PDI probes used in this study: 
dpPDI, dapPDI, and tbPDI, the last of which was also used by Zondervan et al. for SM studies of 
supercooled glycerol.
14
  The three molecules have similar photophysical properties, quantum 
yields near unity, and fluorescence anisotropy near the theoretical maximum of 0.4, making them 
well suited for SM measurement of rotational dynamics.
96–98
  Median rotational relaxation times 
measured for each of the three probes as a function of temperature are plotted in Figure 2.4.  
Each point represents the median c from an individual movie (typically containing 100 – 200 
analyzed probe molecules), which has been corrected for heating as described in Appendix A. 
The data is fit to the DSE equation using the known temperature dependence of the glycerol 
viscosity.
99
  The determined hydrodynamic volumes of dpPDI, dapPDI, and tbPDI and are Vh = 
2.02 nm
3
 (rh = 0.79 nm), Vh = 1.27 nm
3
 (rh = 0.67 nm), and Vh = 0.36 nm
3
 (rh = 0.44 nm), 




Figure 2.4 Rotational relaxation times versus temperature for tbPDI (red circles), dapPDI (blue squares), and dpPDI 
(purple triangles). Each point represents the heating corrected median c for all molecules in a given movie. The 
lines are the fit of the DSE equation with best-fit hydrodynamic volumes for each of the probes. Red dashed line 
(tbPDI): Vh = 0.36 nm
3
, blue solid line (dapPDI): Vh = 1.27 nm
3






 The relative hydrodynamic volumes of the probes run counter to initial expectation, as it 
is generally accepted that a molecule with a larger space filling volume (which often trends with 
molecular weight) will rotate more slowly than a smaller and less massive molecule. Thus, 
tbPDI’s rotations were expected to be slower and yield a larger hydrodynamic volume than 
dpPDI’s due to the two t-butyl groups in tbPDI compared to the two methyl groups in dpPDI. 
Instead, the measured hydrodynamic volume of dpPDI is ≈ 5 times that of tbPDI, where our 
measurement is in close accord with the determined Vh = 0.38 nm
3





Similarly, the hydrodynamic volume of dpPDI is ≈ 1.6 times greater than that of dapPDI despite 
the fact that these molecules’ molecular weights differ by < 10%.  Indeed, the extracted probe 
hydrodynamic volumes are inconsistent with an explanation based on probe mass or size such as 
that found by Wang and Richert for a variety of probe/host systems near Tg.
86
  In that study, time 
resolved optical depolarization was used to monitor rotational relaxation of probe molecules 
while solvation experiments monitored solvent dynamics in the vicinity of the probes. It was 
found that the ratio of molecular weight of the probe relative to that of the host molecule, Rm, 
correlated with ratio of the rotational relaxation time of the probe to that of the host. Because our 
data is inconsistent with that finding, instead we consider the possibility that the measured 
hydrodynamic volumes reflect a complex mix of probe mass, space filling volume, structural 
anisotropy, and interactions with the surroundings.  
 Of the probes employed, dapPDI is expected to be the most polar and tbPDI the least 
polar.
96
  Additionally, while all of these molecules may hydrogen bond with glycerol, in the case 
of tbPDI there may be steric hindrance that inhibits this interaction. Given the high polarity of 
glycerol and its hydrogen bonding network, differences in PDI probe polarity and ability to 
hydrogen bond are expected to affect probe interaction with the host, potentially slowing the 
rotation of hydrogen bonding probes relative to those that do not participate in the hydrogen 
bonding network. The suggestion that less polar molecules that can not hydrogen bond with 
glycerol rotate more quickly than polar molecules of similar size that can participate in glycerol’s 
hydrogen bonding network is also consistent with our previous result for rubrene in glycerol
3
. 
Rubrene has a similar mass to dapPDI and dpPDI but a significantly faster rotational relaxation 
time and thus a smaller extracted hydrodynamic volume (Vh = 0.18 nm
3
, data not shown) than 
any of the PDIs measured.
15
  A similar slowdown for hydrogen bonding probes relative to non-
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hydrogen bonding probes has been noted previously in poly(isobutyl) methacrylate near Tg.
100
  
Given the slow rotation and large extracted Vh for dapPDI and dpPDI, it is possible that these 
molecules’ rotations are significantly hindered due to participation in the hydrogen bonding 
network or even that these probes are rotating with a shell or partial shell of glycerol molecules, 
increasing the effective radius of the probe.  
2.7   Breadth of Relaxation Times 
 One of the chief reasons for evaluating the DSE behavior of the PDI dyes as a function of 
temperature is to establish the presence of a statistically significant sample size. Having found 
that all three probes exhibit changes in rotational relaxation time with decreasing temperature in 
accord with the DSE equation and known temperature dependence of the viscosity of glycerol, 
we now evaluate results that can only be attained from SM experiments.  Fig. 2.5 shows the 
histograms of the heating corrected c values for dpPDI, dapPDI, and tbPDI in the temperature 
range of 198K - 212K. Qualitatively, the histograms for each of the PDI molecules look similar, 
and the histograms (on the log scale) are quite well fit by both Gaussian and Lorentzian 
functions. The Gaussian distribution is given by  















 ,      (2.6) 
where xc indicates the center of the peak and 

 is the variance. The full width at half maximum 
(FWHM) is given by 2ln22 .  The Lorentzian distribution is  









y      (2.7) 
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with the FWHM given by 2  Taking the adjusted R
2
 value as an indicator of the quality of the 
fit, both distributions fit the histograms equally well. In Table 2.1, the number of assessed 
molecules and the FWHM from the Gaussian and Lorentzian fits are shown for each probe at 
each temperature investigated, and Fig. 2.5 shows Gaussian fits to the distributions of c values 
for dpPDI, dapPDI, and tbPDI for all single molecule probes evaluated in this study. While these 
distributions are well fit by symmetric functions on a log scale, on a linear scale the data is well 







Figure 2.5 Histograms of log(c) values for all PDI probes with Gaussian fits: (a) dpPDI, (b) dapPDI, and (c) tbPDI. 
Colors indicate temperature: black: 212K, red: 210K, green: 208K, blue: 206K, wine: 204K, magenta: 202K, 
orange: 200K, forest green: 198K. All histograms are normalized to the maximum number of occurrences at each 
temperature. Because dapPDI and tbPDI are taken from two data sets, to make this data comparable to that of 
dpPDI, collected on one sample, a normalization is performed. Two histograms are made (one for each of the data 
sets collected) for dapPDI and tbPDI and each histogram is normalized such that median c at a given temperature 
matches that from the best-fit DSE fit. This prevents histogram width from being affected by potential differences 




Table 2.1 Temperature, number of molecules, and FWHM for Gaussian (FWHM1) and Lorentzian (FWHM2) fits to 
the log(c) distributions shown in Fig. 2.5. FWHM are best-fits to within ± 0.02. 
 
 The distributions shown in Fig. 2.5 indicate there is a spread of rotational relaxation times 
reported by all of the probes in supercooled glycerol at all of the temperatures investigated, with 
molecules exhibiting rotational relaxation times that span at least an order of magnitude at all 
temperatures and for all probes studied. This implies that dpPDI, dapPDI, and tbPDI all report 
spatial heterogeneity in supercooled glycerol. While the log-normal distributions evident here 
represent a large spread of time constants, the histograms are significantly different in shape 
from that of rubrene in glycerol at 204K, which had a more prominent long time tail and a spread 
of time constants that spanned nearly three orders of magnitude.
15
  This suggests that rubrene 
accesses and reports a larger breadth of the environments in supercooled glycerol than do the 
larger, more slowly rotating PDI probes. It is also evident that the distributions of time scales 
reported by the SM probes are narrower and somewhat different in shape than would be expected 
from results of a variety of bulk measurements in supercooled glycerol.
99,103,104
 
When one considers spatially heterogeneous dynamics, it is not obvious that the extent of 
heterogeneity should be the same over the full supercooled temperature regime. It may then be 
dpPDI dapPDI tbPDI
T/K Molecules FWHM1 FWHM2 Molecules FWHM1 FWHM2 Molecules FWHM1  FWHM2
198 . . . . . . . . . 126 0.47 0.34 244 0.49 0.39
200 270 0.41 0.28 651 0.41 0.43 434 0.60 0.51
202 372 0.41 0.28 578 0.43 0.38 696 0.45 0.37
204 330 0.36 0.29 431 0.38 0.32 1319 0.79 0.67
206 438 0.38 0.29 748 0.41 0.37 1071 0.68 0.60
208 622 0.36 0.29 716 0.42 0.35 749 0.61 0.54
210 877 0.38 0.29 737 0.43 0.38 . . . . . . . . .
212 484 0.40 0.30 . . . . . . . . . . . . . . . . . .
Average 0.39 0.29 0.42 0.37 0.60 0.51
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expected that observables that probe these heterogeneities directly may vary with temperature 
even if TTS holds when probing bulk observables. Despite this, for PDI probes, the shape and 
width of histograms detailing spatial heterogeneity via SM microscopy are found to be constant 
as a function of temperature in supercooled glycerol in the range of 1.04 - 1.12 Tg. 
 The fact that the distributions of rotational relaxation times measured are not changing 
shape with temperature suggests that degree of spatially heterogeneous dynamics in glycerol is 
constant over the temperature range probed. However, comparing the widths of the distributions 
at each temperature across PDI probes reveals the dapPDI c distributions to be slightly wider 
than those of dpPDI at all temperatures. A more notable difference is apparent between the c 
distributions for tbPDI and those for dpPDI and dapPDI. Data collected using tbPDI is more 
variable than for either of the other two probes, with the histograms for relaxation times at some 
temperatures slightly broader than those for dapPDI and at some temperatures significantly 
broader, though with no clear trend as a function of temperature. The breadth of the tbPDI 
histograms is confirmed not just for the pooled data over the two samples and 53 movies 
represented in Fig. 2.5 but also for the 100 - 200 molecules in individual movies, showing that 
the increased breadth of rotational relaxation times in the tbPDI data is not due to movie to 
movie or sample to sample variation in median relaxation time that can be seen in the spread of 
points for tbPDI at a given temperature in Fig. 2.4.  
 Given the similar size of the three PDI probes used in this work and the fact that tbPDI is 
the largest of these probes, we suggest that the narrower c distributions seen for the dpPDI and 
dapPDI relative to those of tbPDI are unlikely to be due to a differential in spatial averaging by 
the probes. Instead, the broad distribution found for tbPDI suggests that more quickly rotating 
probes can report the presence of a more significant breadth of spatially heterogeneous dynamics 
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in the glycerol host and that the narrowing of dpPDI and dapPDI histograms relative to those 
seen for tbPDI is driven by the increased temporal averaging of the more slowly rotating dpPDI 
and dapPDI probes. This is also supported by comparing c distributions for two probes in 
glycerol at different temperatures chosen such that the median probe c overlaps. In Fig. 2.6, the 
c distributions for tbPDI at 200K and dpPDI at 204K are shown: both distributions peak at ≈ 
20s, but the tbPDI distribution is broader. In this comparison, the time averaging in absolute time 
performed by the probes over the spatially heterogeneous dynamics is the same for most probe 
molecules in the glycerol. Given the similarity in probe molecular structure, the spatial averaging 
is also expected to be very similar, with tbPDI averaging slightly more than dpPDI in space 
owing to its t-butyl groups. Comparing these two distributions from probes that have performed 
very similar temporal and spatial averaging over their surroundings may suggest that glycerol at 
200K is more heterogeneous than glycerol at 204K, as judged from the breadth of the 
distributions at the two temperatures. However, taken in the context of Fig. 2.5, in which we find 
no broadening with decreased temperature for a given probe, we suggest this behavior is further 
evidence for temporal averaging by the probes being the primary determinant of the breadth of c 
distribution:  even while the absolute time averaging between the two probes is the same in the 
two distributions shown in Fig. 2.6, the relative c/ values are ≈ 16 for tbPDI at 200K and 90 
for dpPDI at 204K. As such, the effective time averaging relative to the structural relaxation time 
of the surroundings is greater for the slower probe at the higher temperature, consistent with the 
narrower distribution found. Such temporal averaging has been implicated previously in probe 
molecules’ inability to report the full breadth of heterogeneity in a supercooled liquid in 
ensemble and sub-ensemble measurements
10
. This conclusion is also consistent with results for 
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rubrene probes in glycerol at 204K, which show a distribution of probe rotational relaxation 





Figure 2.6 Histograms of log(c) values for dpPDI at 204K and tbPDI at 200K. The two distributions are centered at 
approximately the same value, and absolute temporal and spatial averaging performed by the probe are expected to 
be very similar. 
 The conclusion that time averaging is responsible for the differential in rotational 
relaxation time distribution breadth between the probes suggests that dynamic exchange occurs 
on time scales shorter than or similar to probe rotation. While other measurements have also led 
to the finding that large probes will average over spatially heterogeneous dynamics in space 
and/or time, as depicted in Fig. 2.1, we note here that we find strong evidence for spatially 
heterogeneous dynamics in supercooled glycerol in these SM experiments for probes that are 
quite large. While other studies report that probes of molecular weight ≥ 1.2 times that of the 
host and/or relaxation times ≥ 20 times the solvent relaxation time only report exponential 
decays in optical depolarization experiments
86
, implying full averaging over the spatially 
heterogeneous dynamics in the sample, in these experiments we find a broad spread of spatially 
heterogeneous dynamics even for tbPDI, whose molecular weight is 8.3 times that of the host 
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molecule.  This behavior is further investigated by considering the average ACF as would be 
measured via bulk experiments. Averaging the LD ACFs for 629 tbPDI molecules at 204K and 
fitting the resulting ACF to a stretched exponential yields a best-fit stretching exponent of 0.88. 
This is the first time a molecule as large as tbPDI (≈ 8 times the molecular weight of and ≈ 20 
times slower than glycerol) has demonstrated deviations of the stretching exponent from unity. 
These findings confirm that in supercooled glycerol even the relatively large and slow probes 
used in SM studies to date are sensitive to spatially heterogeneous dynamics in supercooled 
glycerol. 
2.8 Dynamic Exchange 
 The broader spread of rotational relaxation times seen for probe molecules that, on 
average, rotate most quickly despite similar molecular weight and structure suggests the presence 
of dynamic exchange on time scales on or shorter than that associated with probe rotation (≈ 100 
 for dpPDI and 20 for tbPDI). To more directly assess temporal heterogeneity and dynamic 





  are employed. 
 2.8.1  Window Shifting Technique  
 A method proposed by Schob et al. is employed to detect changes in dynamics during the 
collected trajectories.
105
  The LD trajectory is split up into segments by a window that is slid 
across the trajectory, and an ACF is calculated and fit for each segment. This results in a 
trajectory of rotational time constants, subsequently called trajectory. A sliding window of 20 
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c, with c the rotational relaxation time obtained from the full trajectory, is selected to balance 
sensitivity to relatively short changes in dynamics and accuracy and precision of ACF fits. The 
window is moved by 10 points (≈ 0.5 c) between each fitted window. Linear fitting is used to 
derive c in each window due to the short window width and insensitivity of linear fits to window 
width.
15
  After trajectoryis obtained, a molecule is classified as either temporally 
heterogeneous or homogenous using criteria set with simulations described in the Experimental 
Section. 
 For simulations of homogeneous rotational diffusion, 95% of the trajectories are found to 
have 95% of their trajectoryvalues within 2.6 times the median relaxation time in 
trajectory(traj,med). This criterion thus has a false positive rate of 5%. A second criterion is 
based on the finding that 95% of the homogeneous trajectories have trajectorydistributions 
with standard deviations < 0.68. The second criterion is thus satisfied if the standard deviation of 
trajectoryis  > 0.68. These criteria were developed for trajectories of 200 c with a point 
density of 20 points per c, properties chosen to well match the experimental data. Molecules are 
assigned as heterogeneous if either the first or second criteria is met. Using these criteria, 
between 5 and 10% of homogeneous molecules are expected to be incorrectly identified as 
heterogeneous.   
 This approach has been applied to data collected on dpPDI at all temperatures as well as 
for dapPDI and tbPDI at 204K. For dpPDI, all molecules in all movies are investigated for 
potential temporal heterogeneity via this approach. For dapPDI and tbPDI, at least two movies 
each collected at 204K are assessed. In all cases, the total number of molecules in the movies are 
only assessed for temporal heterogeneity with the sliding window technique when the LD 
trajectory is > 50c and -trajectory contains both at least 50 points and at least 33% of the 
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expected points based on window step, window size and trajectory length. Missing points in -
trajectory are usually due to a noisy ACF obtained from a particular window. This typically 
manifests as a poor fit to the ACF, with c from a linear fit and an exponential fit differing by 
more than a factor of 3 or a pre-exponential factor lower than 0.3, either of which results in the 
point being excluded from -trajectory. With these criteria, ≈ 75% of molecules that are present 
in each movie are assessed for temporal heterogeneity with the window shifting approach. As 
can be seen in Table 2.2, 26 – 36% of dpPDI molecules assessed are found to be heterogeneous 
by this approach, with no clear dependence on temperature. At 204K, dapPDI shows similar 
results, with ≈ 25% of molecules found to be heterogeneous; however, for tbPDI at 204K only 
15% of the assessed molecules satisfy the criteria for heterogeneity. Taken together with 
previous work showing 15% of rubrene molecules in supercooled glycerol at 204K were 
classified as heterogeneous with this approach, the tbPDI data suggests that faster probes may be 
less likely to be classified as heterogeneous in the sliding window approach. This may be related 
to the fact that dpPDI and dapPDI show a relatively narrow distribution of c values relative to 
rubrene and tbPDI. Thus, the dynamic exchanges likely to occur for dpPDI and dapPDI 
(alterations in time constant of a factor of ≈ 2 - 3) may be more readily picked up by the window 
shifting technique than are those that rubrene and tbPDI undergo. Indeed, unlike in the rubrene 
data, no evidence of molecules exchanging between dynamically disparate environments is 
present for dpPDI or dapPDI though a small proportion of tbPDI molecules do exhibit large, 






Table 2.2 Number of molecules assessed for heterogeneity and found to be heterogeneous with the sliding window 
approach. 
 
For dpPDI at all temperatures as well as for dapPDI and tbPDI at 204K, for each 
molecule assigned as heterogeneous, -trajectory is evaluated for time until the first change in 
dynamics and, potentially, for time between dynamic exchanges. The time before the first change 
in dynamics is termed the persistence time (pers) and that between changes in dynamics is the 
exchange time (ex), in keeping with definitions employed for kinetically constrained models.
106
  
The values and temperature dependence of persistence and exchange time need not be the same, 
and thus we distinguish between them. Lower bounds on exchange times (time from last 
exchange of a heterogeneous molecule to the end of the evaluated portion of the LD trajectory) 
as well as lower bound on persistence time (time to the end of the evaluated portion of the LD 
trajectory for homogeneous molecules) are also tabulated.  Histograms of the ratios of exchange, 
T/K
dpPDI
200 166 59 35.5
202 226 80 35.4
204 243 70 28.8
206 319 84 26.3
208 307 80 26.1
210 606 166 27.4
212 321 114 35.5
dapPDI
204 220 54 24.5
tbPDI









lower bound on exchange, persistence, and lower bound on persistence time to the molecules’ 
rotational relaxation times for the 70 heterogeneous molecules identified in dpPDI at 204K are 
shown in Fig. 2.7. The median ratio of the molecules’ lower bound on persistence times relative 
to their rotational correlation times (pers,lower bound/c = 145) is significantly longer than the that of 
persistence times relative to rotational correlation times measured on molecules that experience 
exchange (pers/c = 26).  This is similar to the findings in rubrene at 204K and consistent with 
the idea that a molecule undergoing exchange is likely to continue to do so. Exchange and lower 
bound on exchange times relative to rotational relaxation time from molecules deemed 
heterogeneous are found to be ex/c = 36 and ex, lower bound/c = 43. Examining these quantities as 
a function of temperature reveals they are relatively insensitive to temperature (Fig. 2.8). Only 
the lower bound on persistence time exhibits a clear trend with respect to temperature, increasing 
monotonically with temperature from pers,lower bound/c ≈ 110 at 200K to ≈ 170 at 210 and 212K.  
However, this trend appears correlated with the total median trajectory lengths of the assessed 
molecules. Indeed, the trajectory lengths of not only the molecules classified as homogeneous 
but also those classified as heterogeneous follow this trend. This is displayed in a quantity 
termed pers, lower bound (het) /c in Fig. 2.8.  For dapPDI (tbPDI) at 204K, the median values are 
pers,lower bound/c = 96 (79), pers/c = 28 (30), ex/c =  27 (31) and ex, lower bound/c = 32 (31), with 





Figure 2.7 Histograms and median values (lines) of pers/c (black bars with checks; black solid line), ex/c (red bars 
with diagonal lines; red dashed line), ex,lower bound/c (olive bars with horizontal lines; olive dotted line), and pers,lower 
bound /c (blue bars; blue dash-dot line) as compiled from the 243 dpPDI  molecules assessed for temporal 
heterogeneity at 204K. 
 
 The various time scales shown in Fig. 2.8 can be translated into values relative to  
using the ratio c/ for each of the probes. This ratio varies between ≈ 100 for dpPDI to ≈ 20 for 
tbPDI.  As such, ex/ ≈ 3600 for dpPDI and ex/ ≈ 600 for tbPDI (and was ≈ 200 for rubrene) 
in glycerol at 204K. Given the similarity in ex/c values for the various probes, the large spread 
in ex/ values highlights how probe speed sensitively influences time scale on which dynamic 
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exchange can be assessed.  Despite the fact that for all probes at all temperatures the window 
shifting technique is sensitive to exchange on the order of ≈ 10 – 200 c, this translates into 
different sensitivities in the “dynamic exchange phase space” relative to . As will be described 
further below, the insensitivity of ex/c and related values to temperature and probe also suggests 
that the window shifting technique is reporting a bound on average exchange time rather than an 
absolute value of this quantity. 
 
Figure 2.8 Median pers/c (black bars with checks), ex/c (red bars with diagonal lines), ex,lower bound/c (olive bars 
with horizontal lines), pers,lower bound /c (blue bars), and pers,lower bound (het) /c (blue bars with vertical lines) as a 




2.8.2  Long Time Heterogeneity Assessment   
 To supplement analysis of temporal heterogeneity and dynamic exchange provided by the 
window shifting technique, a variation on the long time heterogeneity assessment carried out by 
Zondervan et al. is performed.
14
  This technique can directly probe dynamic exchange on time 
scales longer than those assessed by the window shifting technique. It can thus address whether 
molecules that do not appear heterogeneous by that method (≈ 65-85% of the assessed 
molecules) do so because exchange occurs on time scales longer than those associated with 
typical trajectory length. To perform this experiment, several movies of the same dpPDI probe 
molecules embedded in glycerol at 210K are collected consecutively. Specifically, we collect a 
movie of trajectory length ≈ 50 <c> , wait  ≈ 10
5 
, collect a second ≈ 50 <c> movie of the 
same molecules, wait ≈ 10
6
 , and collect a third ≈ 50 <c> movie of the same molecules. In one 
case, the trajectories collected are ≈ 75 <c> and only two movies are collected, with a waiting 
time of ≈ 10
6
 . The relatively short trajectories are required to prevent photobleaching of the 
molecules before the experiment is complete. However, we focus on maximizing trajectory 
length within this constraint, given that the accuracy of extracted rotational correlation times 
from the ACFs depends strongly on trajectory length for short trajectories.
15,19,90
  This 
experiment allows comparison of SM relaxation times after fixed waiting times very long 
compared to  and, as such, provides sensitivity to temporal heterogeneity that may occur on 
time scales much longer than that provided by the window shifting technique, whose long time 




, depending on 
probe). In the long time heterogeneity experiment, a molecule experiencing dynamic exchange 
51 
 
on any time scale faster than the waiting times is expected to have different relaxation times in 
each of the movies.  
 As with the window shifting approach, simulations are performed on molecules 
undergoing homogeneous rotational diffusion to set criteria for heterogeneity and to assess the 
accuracy and sensitivity of the method. This is especially important given that ACFs constructed 
from trajectories between 10 - 250 c  have intrinsic uncertainty, and even molecules undergoing 
homogeneous rotational diffusion with unchanging relaxation dynamics may appear to have 
different time constants over time as a result of this uncertainty.
19,90
 Homogeneous rotational 
diffusion of 1000 molecules is simulated. The population is set to have a c distribution with a 
full width half max (FWHM) of 0.4 on a log-scale, <c> of 20 steps, and a trajectory length of 
1000 steps (50c>), similar to data collected on dpPDI. As described in the Data Analysis 
section, trajectory dependent fitting of the LD ACFs is performed.  The c value for each 
molecule is normalized to its minimum value over the 2-3 movies (or simulated data sets), and 
the 2 - 3 c values are plotted for each molecule relative to this minimum. Normalizing c to the 
minimum value facilitates assessment of temporal heterogeneity by removing the effect of the 
relatively broad spread of time constants in the simulated or experimental data. 
 For 3 (2) simulated trajectories of 50c >, 95% of the molecules are found to have a 
maximum c value within 3.0 (2.7) times the minimum c value of that molecule, and 90% have a 
maximum value within 2.7 (2.2) times the minimum c value of that molecule. Because one of 
our experiments of this type was performed with 2 trajectories of 75 c>, simulations for 2 
trajectories of that length are also performed.  Here, the 95% confidence interval (CI) is 2.1 and 
the 90% CI is 1.9. Concentrating on the result for 3 consecutive 50c> trajectories, we 
conclude that due to statistical variation, a molecule with homogeneous dynamics can have a 
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change of c by a factor of 3 as assessed by experiments of this type. This is a greater variation in 
c than is expected for homogeneous rotational diffusion as examined with the window shifting 
approach.  This is due to the fact that there the assessed trajectories are known to be 20c in all 
cases, while in this experiment and simulation the trajectories are 50c>, or on average 50c. 
Slower than average molecules have trajectories shorter than 50 c, leading to substantial 
uncertainty in the time constants extracted for these molecules. Moreover, in the window shifting 
approach, the change in c is relative to traj,med, where here it is relative to a value that is likely to 
be smaller, the minimum c in the 3 windows. For three trajectories of 50 c>, given that 
simulations reveal that 95% of molecules will have a maximum c value within 3.0 times the 
minimum c value, we conclude that if more than 5% of the molecules have a change in c 
greater than a factor of 3.0, temporal heterogeneity is observed. Figure 2.9a shows the simulation 
results for 3 trajectories of 50c> length for 100 randomly chosen simulated molecules. It is 
evident that there is substantial crossing of the lines tracking the rotational relaxation times of 
particular particles. This may initially look to suggest temporal heterogeneity, but we stress that 
this simulation is for homogeneous rotational diffusion, and all changes in dynamics are due 






Figure 2.9 Long time heterogeneity assessment for (a) simulations and (b,c) experiments. Each point connected by 
lines across the three simulated or experimental windows represents a single simulated or experimental molecule. In 
all cases, the c values are normalized by the minimum c value for each molecule. The red lines indicate the 95% 
confidence interval (CI) from simulations as described in the text. In panels (b) and (c), “wt” is waiting time. (a) c 
values for 3 simulated 50 <c> trajectories. Of the 1000 simulated trajectories, 100 are chosen at random for display. 
(b) Molecules from one of two experiments in which 3 movies of trajectory length 50 <c> separated by 10
5
  and 
10
6
 , respectively, were collected. Only molecules that have well fit ACFs for all 3 movies are included. In this 
movie, 6 of 64 (9.4%) molecules are above the 95% CI. (c) Molecules from one movie of dpPDI at 210K collected 
for ≈ 200 <c>, yielding 4 windows of 50 <c>. All molecules with three consecutive windows of 50 <c > with LD 
ACFs that are well fit are included. In this movie, 7 of 58 (12.0%) molecules are above the 95% CI. For the five 
movies analyzed, 57 of 431 molecules are above the 95% CI (13.2%). 
 
 Given that for the 50c> window experiments the lower limit of sensitivity is a change 
of c of a factor of 3, we consider how likely it is that this experiment will show clear evidence 
for temporal heterogeneity in the data evaluated. The distribution of log(c) values was modeled 
to be Gaussian with a FWHM of 0.4, consistent with data collected using dpPDI and dapPDI. 
For such a distribution, the standard deviation, , is 0.17. Thus, if this distribution is centered at 
20 steps (log(20) = 1.3), ≈ 67% of the molecules are expected to have c values between 13.5 
steps (log(13.5) = 1.13) and 29.5 steps (log(29.5)=1.47). 90% (1.64  ) of the molecules will 
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have a relaxation time c between 10.5 steps and 38.0 steps. Assuming that molecules 
undergoing dynamic exchange experience no bias in that exchange (i.e., a molecule in the fastest 
decile of molecules is as likely to become a molecule in the slowest decile as any other possible 
exchange), it is expected that even if all molecules exhibit exchange during the full time course 
of the experiment, only ≈ 10% of the molecules will experience changes of c of a factor of 3 or 
more
27
. Considering the 95% confidence interval described above, these findings require 
discrimination of this 10% from the 5% of molecules that may experience this substantial a 
change even without any change in dynamics. Thus, our initial expectation is that this method 
will give a null result, neither proving nor excluding the possibility that temporal heterogeneity 
and dynamic exchange are present. To assess a data set for presence of temporal heterogeneity 
via the method described here would require a very large number of molecules such that the rare 
relatively large changes in dynamics possible would be seen in sufficient numbers to 
discriminate them from those that may occur from statistical variation alone. However, because 
this approach is similar to the approach used by Zondervan et al., and because it does allow 
probing exchanges on time scales significantly longer than does the window shifting technique, 
we describe results from this approach on dpPDI at 210K. The relatively high temperature 




  can be collected within 
several hours, thus avoiding potential issues with mechanical stability. 
 Fig. 2.9b displays results from such experiments on dpPDI in glycerol at 210K.  In the 
experiment represented by Fig. 2.9b, the first two movies are separated by ≈ 10
5 
 and the 
second and third movies are separated by ≈ 10
6 
. While changes in extracted c are clearly 
occurring, as evidenced by the many lines that cross each other in Fig. 2.9b, most of the 
measured c values fall below the 95% CI denoted by the red line at 3.0. Indeed, comparing Figs. 
55 
 
2.9a and b reveals no qualitative differences despite the fact that Fig. 2.9a is based only on 
homogeneous dynamics. However, subtle differences are noted when evaluating the data shown 
in Fig. 2.9b as well as related experiments. Specifically, 6 of 64 molecules (9.4%) followed for 3 
movies of 50 <c> (Fig. 2.9b) and 6 of 62 molecules (9.7%) followed for 2 movies of 75<c> 
(not shown) fall outside the 95% CI as set by simulations of molecules undergoing homogeneous 
rotational diffusion. In both cases, ≈ 10% of the molecules appear to change their dynamics, 
double the proportion that would be expected given homogeneous rotational diffusion. As 
described above, for the breadth of spatial heterogeneity observed for dpPDI, this result is 
consistent with the presence of temporal heterogeneity and unbiased dynamic exchange. 
However, the total number of molecules investigated is relatively small (126 molecules). Thus, 
while this experiment may be evidence of probe molecules exhibiting dynamic exchange, 
observing a larger number of molecules would be necessary to confirm this finding.  
 Performing analysis on the molecules represented in Fig. 2.9b not on molecules that have 
LD trajectories well fit by ACFs in all three of the movies, but on molecules that have LD 
trajectories well fit by ACFs in either the first two movies (with a waiting time of ≈ 10
5 
) or the 
second two movies (with a waiting time of ≈ 10
6 
) allows assessment of whether there is more 




) than at all times 
shorter than 10
5 
. If substantial exchange is occurring on these longest time scales, a higher 
proportion of molecules should fall outside the 95% CI as waiting time increases. It is found that 
9 of 121 molecules and 11 of 123 molecules fall outside the 95% CI (2.7 for 2 movies of 50 




, respectively. The very similar percentage of 










 To supplement the analysis described above in a manner that both further investigates the 
sensitivity of this technique compared to that of the window shifting technique and assesses 





trajectories from single movies collected at 210K for dpPDI in glycerol are also analyzed. Here, 
a subset of dpPDI data at 20K that contributes to the histogram in Fig. 2.5 is split into 4 
trajectories of 50 <c> each. Each molecule with at least 3 consecutive 50 <c> trajectories 
leading to well fit LD ACFs is analyzed in the manner described above. This analysis thus 
investigates whether the long time heterogeneity assessment method detects temporal 
heterogeneity for waiting times of 50 <c>, or ≈ 5 x 10
3 
. 431 molecules are analyzed, and it is 
found that 57 (13.0 %) of these molecules have their slowest rotational relaxation times outside 
the 95% CI obtained for molecules undergoing homogeneous rotational diffusion. A subset of 
these molecules, from a single movie collected at 210K, is shown in Fig. 2.9c. The fact that a 
very similar proportion of molecules is found above the 95% CI in this experiment and in the 
analysis of molecules experiencing longer waiting times between data collections (Fig. 2.9b) 




 then occur at 
times shorter than 10
3 
.  
 Comparing the result of the long time heterogeneity assessment on single trajectories at 
210K to the ≈ 27% of dpPDI molecules found to be heterogeneous at this temperature using the 
window shifting technique demonstrates that the sensitivity to temporal heterogeneity of the 
window shifting technique is greater than that of the long time heterogeneity assessment. There 
are several reasons for this:  first, the window shifting technique is a molecule specific approach 
rather than a population based approach; second, the lower bound set by window size (20 c for 
the window shifting technique vs. 50 <c> for the long time heterogeneity technique) means the 
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window shifting technique is sensitive to exchanges on shorter time scales. Even given the 
limited sensitivity of the long time heterogeneity assessment, the result obtained here is 
interesting, as it suggests that molecules that do not undergo detectable dynamic exchange during 
typical data collection and window shifting analysis are not being missed because the trajectories 
are not long enough. If this were the case, the long time heterogeneity assessment technique 
would be expected to reveal more heterogeneous molecules for long waiting times than for short 
waiting times, but this is not the case. Similarly, the results suggest that of the molecules 
experiencing exchange in the bounds investigated by the window shifting technique, the 
exchange time measured is not bounded by the upper limit of sensitivity of the time investigated 
(set by the trajectory length) but instead by the lower limit of sensitivity. As such, we conclude 
that the exchange times obtained with the window shifting analyses are upper bounds on actual 
exchange and persistence times.  
 While our conclusions on average relaxation time and breadth of relaxation times of 
tbPDI in glycerol near Tg are in close agreement with those of Zondervan et al., our conclusions 
on temporal heterogeneity differ even though the probes used and the experiments performed are 
very similar.
14
  We can not exclude the possibility that the different conclusions are related to 
remaining differences between probes employed (tbPDI vs. dpPDI for the long time 
heterogeneity assessment) or experiments and analysis performed. Given the similarity between 
probes and experiments, however, we suggest that the different conclusions are due chiefly to the 
different sample preparation techniques employed, with the slow cooling performed by 
Zondervan et al. likely to allow for formation of a nearly static network within the sample for 
which we do not find evidence.
14,74,107
  Instead, our results are consistent with the picture of 
supercooled glycerol as a mosaic of local and interchanging environments. 
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2.9 Summary  
 We presented single molecule data of three perylene dyes in glycerol, all three of which 
report the presence of spatially heterogeneous dynamics in supercooled glycerol despite the fact 
that these probes are large and slow compared to glycerol molecules. For all three probes, the 
temperature dependence of the median rotational relaxation times mirrors the temperature 
dependence of the glycerol viscosity according to the DSE equation. As expected, the obtained 
hydrodynamic volumes depend on the probe. Unexpectedly, hydrodynamic volume is found not 
to scale with the size or mass of the fluorophore but instead depends strongly on the polarity and 
hydrogen bonding ability of the fluorophore, with tbPDI being the largest, least polar, and most 
quickly rotating of the three dyes studied. The distribution of single molecule c values for all 
three dyes is qualitatively similar, with none of the distributions displaying the long time tail 
observed previously for rubrene in glycerol.
15
  However, the distribution of rotational relaxation 
times becomes wider as an inverse function of the extracted probe hydrodynamic volume. For 
dpPDI and dapPDI, which have similar hydrodynamic volumes, there is only a small difference 
in distribution width, while for tbPDI, with a significantly smaller hydrodynamic volume, the 
distribution is much wider. Taken together with results for rubrene in glycerol, this suggests that 
probe molecules that rotate more quickly report a greater breadth of spatially heterogeneous 
dynamics in supercooled glycerol than do those that rotate slowly. Given that probe rotational 
relaxation time distribution breadth appears closely linked to probe rotational correlation time 
but not to probe molecular size for the probes used in this study implies that temporal averaging 
by the probe is more important in setting the breadth of reported spatially heterogeneous 
dynamics than is spatial averaging. For this to be the case requires that at least some dynamic 
exchange occurs on time scales similar to those required for probe rotation. While distribution 
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width is found to vary with particular perylene probe, no evidence is found for significant 
changes in distribution shape or width for the PDI probes as a function of temperature. Similarly, 
the window shifting technique shows only small changes in the proportion of heterogeneous 
molecules as a function of temperature for a given probe compared to the difference in 
proportion of heterogeneous molecules found between tbPDI and the other two probes studied. 
Additionally, no significant changes in average exchange and persistence times relative to probe 
correlation time for a given probe as a function of temperature are noted. Long time 
heterogeneity assessment suggests, consistent with the window shifting analysis, that temporal 
heterogeneity exists in supercooled glycerol. The similarity in results obtained for such 








  is 




 . We conclude that the 
window shifting analysis captures a subset of dynamic exchanges, and those that are not 
reflected in such analysis occur on faster time scales; thus, we conclude that reported values of 







Chapter 3. Probe Dependent 
Studies in Supercooled Ortho-
Terphenyl 
 
This chapter is adapted from Reference 108. 
3.1 Motivation for Probe Dependent Studies in Ortho-Terphenyl 
This chapter continues description of SM probe dependent studies in supercooled glass 
formers.  In Chapter 2, SM studies of the rotational dynamics of three perylene diimide probes in 
supercooled glycerol yielded intriguing results: The largest probe (tbPDI) unexpectedly 
displayed the shortest rotational correlation time.  Due to the steric hindrance of the bulky side 
groups, we hypothesized this probe was unable to hydrogen bond with glycerol as strongly as the 
other probes.  Additionally, the breadth of relaxation times was broadest for the fastest rotating 
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probe. We suspected this was the result of the probes doing less averaging on the dynamics of 
the host and more accurately reporting the dynamics heterogeneity of the system as a result.  To 
evaluate whether these two hypotheses were true, we chose to perform probe dependent studies 
in a non-polar small molecule glass forming host, ortho-terphenyl (OTP).   In OTP, we 
hypothesized probe-host interactions would be much more similar to one another and their 
rotational relaxation times would be governed by probe size.  Furthermore, we expected that 
probes in OTP would show an increase in the breadth of rotational relaxation times reported with 
decreasing average probe rotational correlation time, consistent with fast probes doing less 
averaging and better reporting of dynamic heterogeneity. 
In particular, in this study OTP is doped with 3 perylene diimide (PDI) probes, 2 of 
which were used in the previously mentioned glycerol study.
16
   Individual probes’ rotational 
correlation times are measured at temperatures in the range of 1.03-1.06 Tg. The distribution of 
rotational correlation times as a function of temperature and probe are reported. Individual 
correlation functions are also combined into a quasi-ensemble for comparison to results of 
ensemble measurements of supercooled OTP. Results in OTP are compared to previously 
collected data in glycerol to assess relative heterogeneity of these two glass formers. 
3.2 Experimental 
3.2.1 Detailed Sample Preparation 
 Ortho-terphenyl (OTP) (Fluka, spectrophotometric grade) is vacuum-distilled three times 




solution. This solution is photobleached in a home-built bleaching apparatus for 48 hours.
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Solid N,N'-bis(2,6-dimethylphenyl)-3,4,9,10-perylenedicarboximide (dpPDI) and N,N'-bis(2,5-
tert-butylphenyl)-3,4,9,10-perylenedicarboximide (tbPDI) are obtained from Sigma Aldrich. 
Solid N,N'-bis(triethylglycol)-3,4,9,10-perylenedicarboximide (egPDI) is synthesized and 
generously provided by L. Campos and co-workers in the Department of Chemistry at Columbia 
University. dpPDI, tbPDI, and egPDI are provided as solids and are dissolved in toluene to form 
stock solutions that are ultimately diluted to 1.0 – 5.0 x 10
-8
M for use in SM imaging. At these 
concentrations, fluorophores are dilute enough to avoid multiple SMs within a diffraction limited 
spot but concentrated enough to yield 50-200 analyzable SMs per movie.  
 Phenylsilane treated silicon wafers are sonicated in acetone for 10 minutes at least twice, 
rinsed in toluene, and briefly dried on a hot plate at 100°C. This process enhances wetting and 
film stability of OTP on the wafer. The PDI/OTP solutions are spin coated onto these silicon 
wafers at 200 rpm, until the toluene has evaporated and a lustrous film forms. After the film has 
formed, spinning continues for ~10 additional seconds. The spin-coating is performed at room 
temperature, ~50K above OTP’s glass transition temperature (Tg = 243K). The OTP films 
produced are ~500 nm and rather flat across the sample as judged by interference fringes.  
 The sample is placed into a liquid nitrogen cooled microscopy cryostat, and vacuum 
grease is applied to the sample stage to optimize thermal contact between the sample wafer and 
cryostat stage. The cryostat stage temperature is initially set to 285 K to facilitate rapid cooling 
of the sample upon contact. Once the sample is placed into the cryostat, the stage temperature is 
lowered to the desired temperature (250 – 258K, 1.03 – 1.06Tg) at a rate of ~ 5 K min
-1
. Upon 
beginning sample cooling, the cryostat is evacuated to ~30 mtorr and flushed with dry nitrogen 5 
times. The cryostat is then evacuated to 0.4 mtorr for at least 1 hour to ensure all toluene has 
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been removed from the sample. The temperature control system is outlined in detail in Ref. 15. 
3.2.2 Optical Setup 
 Data is acquired using a home built microscope in an epi-fluorescence configuration (Fig. 
3.1). This configuration is similar to the one described in Chapter 2.
15
 One change has been made 
to the previously described experimental set-up to allow for a more homogeneously illuminated 
field of view: approximately 150 mW of excitation light (from an Nd:Vanadate 532 nm diode 
laser) is directed into an objective lens and coupled into a multimode fiber (Newport, F-MCB-T-
3FC) that is shaken by a piezoelectric buzzer at 500-4700 Hz (MCM Electronics; PEB in Fig. 
3.1) to eliminate the speckle pattern produced by multimode fibers. The unpolarized light is 
directed out of the fiber via a collimator and is passed through polarization optics and a telescope 
before being reflected toward the objective lens.  
 
Figure 3.1. Schematic diagram (not to scale) of the epi-fluorescence microscope. BS = beam splitter, F = filter, M = 




 The fluorescence from SMs in the illuminated area is collected by a long working-
distance, high numerical aperture objective (Zeiss, LD Plan-Neofluar, air 63x, NA = 0.75, WD = 
1.5 mm), passed through detection optics including a Wollaston prism that splits the signal into 
two orthogonal polarizations and onto an electron multiplying charge-coupled device camera 
(Andor iXon DV887; EMCCD in Fig. 3.1). Data are collected at temperatures from 250 – 258K. 
The optimal frame rate of each movie is determined based on preliminary experiments, and ≈ 20 
frames per median rotational relaxation time, τc,med, are collected at each temperature for each 
probe. Trial movies are also collected at both faster and slower frame rates to search for 
molecules whose rotations can not be quantified with the chosen frame rate – in this paper 
movies collected at additional frame rates are not found necessary, and all molecules described 
are from movies collected at the typical frame rate. Measurements are taken for several thousand 
frames, until > 95% of the SMs have photobleached. For measurements taken at 20 Hz, 10 Hz, 
and 5 Hz, the sample is continuously illuminated, and the exposure time is the inverse of the 
frame rate. At lower temperatures, measurements are taken at 2 Hz, 1 Hz, 0.5 Hz, and 0.25 Hz 
with a fixed exposure time of 0.2 s. The laser is shuttered with a mechanical shutter for the 
remainder of the frame time to limit photobleaching. The laser power used to collect data ranges 
from 0.75 – 30 mW, as measured before the objective lens. The highest powers are required at 
the highest frame rates. Signal to noise ratio (SNR) for all movies is at least 2. To allow for 
correction of heating due to absorption of laser light, movies are collected at several powers at a 
given temperature for a given sample. Median probe rotational correlation time as a function of 
set temperature and laser power is used to extrapolate an actual temperature for each sample, as 
described in Reference 16. 
 In all, 156 movies were collected and analyzed, 53 for dpPDI, 36 for egPDI, and 60 for 
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tbPDI. The number of data sets collected at each temperature for each dye can be ascertained 
from Fig. 3.2 where each data point represents the median rotational relaxation of probe 
molecules in a single movie. The number of molecules analyzed for each PDI dye at each 
temperature is given in Table 1. Data was collected over a 4 day period on two different samples 
for each PDI dye in OTP. During data collection, temperature was varied at random over the full 






Table 1. Number of molecules and FWHM values of best-fit Gaussian distributions of log(c) values for all SM data 
shown in Fig. 3.3, left panel. Average FWHM over all temperatures as a function of probe as well as the FWHM 
value for the combined histograms shown in the right panel of Fig. 3.3 are also given. 
 
 In the Discussion, SM data collected in OTP is compared to data collected in glycerol 
that was reported and described in Ref. 16. Sample preparation and data analysis is described in 
that publication and is very similar to that outlined here. In that study, tbPDI and dpPDI were 
employed. The third probe used in that study was N,N'-bis[3-dimethylamino)propyl]-3,4,9,10-
perylenedicarboximide (dapPDI). 
3.3.3 Data Analysis 
 Data analysis is performed using IDL software (ITT Visual Information Solutions), as 
described in detail in Chapter 2.  Due to potential heating from laser absorption, an iterative 
heating correction outlined Appendix A is applied to determine a true temperature and potentially 
T/K Molecules FWHM Molecules FWHM Molecules FWHM
250 . . . . . . 444 0.71 . . . . . .
251 402 0.60 524 0.66 327 0.65
252 582 0.61 534 0.57 458 0.70
253 655 0.48 567 0.63 316 0.62
254 613 0.64 1117 0.61 462 0.73
255 509 0.61 619 0.62 468 0.71
256 969 0.51 822 0.59 477 0.70
257 599 0.35 . . . . . . 493 0.73
258 513 0.60 . . . . . . . . . . . .
Average 0.55 0.63 0.69




adjust all τc values to the set temperature.  Unless otherwise stated, all c values presented and 
described are heat-corrected.   For evaluation of SM stretching exponents, all SMs (regardless of 
whether τc is determined from a stretched exponential or a linear fit) are fit to a stretched 
exponential function, and  is recorded. 
3.2.4 Simulation Studies of Homogeneous Rotational Diffusion 
 For comparison to experimental results, simulations of 3D rotational diffusion of a unit 
vector representing the transition dipole of a fluorophore are performed as described in Chapter 
2.  Simulations are constructed with median c of 20 steps and are varied in length to match the 
average length for a given probe molecule in OTP (Table 3.2). For all simulations, as for 
experiments, LD ACFs are constructed from the LD and are fit as outlined in Section 2.4 to yield 
a c. Trajectories treated with linear fits are also fit with stretched exponentials to yield a  value, 
as is also done with experimental trajectories.  
 
Table 2. Various quantities for experiments and simulations for the three employed probes in OTP. Lifetime/c is 
determined for each movie as the average time each SM is “on” (typically the time until photobleaching) divided by 
the average τc value for that movie. These quantities are then averaged. FWHM, med, and QE are experimental 
quantities as described in the text and shown in Figs. 3.3 and 3.4. FWHMsim, med,sim, and QE,sim are quantities 
obtained from simulation as described in the text and shown in Figs. 3.3 and 3.4. 
Dye Vh Lifetime/τc FWHM FWHMsim β med β med,sim β QE β QE,sim
tbPDI 1.87 46 0.55 0.35 1.08 1.08 1.01 1.03
dpPDI 1.17 38 0.63 0.39 1.04 1.11 0.96 1.02




3.3.1 Median Rotational Relaxation Times 
 We first investigate the temperature dependence of measured SM probe dynamics, on 
average, in OTP. In particular, we investigate whether median rotational correlation times of the 
probe molecules track the temperature dependence of the host viscosity as described via the 
Debye–Stokes–Einstein (DSE) equation, 







,     (3.1)
 
where τc is the rotational relaxation time of the probe, Vh is the hydrodynamic volume of the 
probe, η(T) is the temperature dependent viscosity of the host, kb is the Boltzmann constant, and 
T is temperature of the host. Previous SM measurements have found that the DSE equation does 
describe probe rotational dynamics in small molecule supercooled liquids.
13,14,16
 We use the DSE 
equation not only to help establish that probe dynamics reflect host dynamics but also to extract 
an effective hydrodynamic volume, Vh, for each probe.   
 Using the heating correction algorithm based on the measurements taken at different 
powers, a single median τc, τc,med, is obtained from each movie for a given probe. These τc,med 
values are fit to the DSE equation using the known temperature dependence of OTP viscosity 
(Fig. 3.2).
110
 In Figure 3.2, each point represents the τc,med value for a single movie containing 
50-150 molecules. Each line corresponds to the DSE line of best fit for each probe's τc,med values 
with respect to temperature. The extracted hydrodynamic volumes for tbPDI, dpPDI, and egPDI 
in OTP are Vh  =1.87 nm
3
, Vh =1.17 nm
3
, Vh =0.80 nm
3
, respectively. This reflects the fact that of 






Figure 3.2 Rotational relaxation times vs. temperature for tbPDI (blue triangles), dpPDI (red circles), and egPDI 
(black squares) together with each dye’s molecular structure outlined in the same color. Each point represents the 
heat corrected τc,med value for a single movie. Lines represent the best-fit DSE fit for each PDI dye. Extracted 
hydrodynamic radii are Vh = 1.87 nm
3
  (tbPDI), Vh = 1.17 nm
3
 (dpPDI), and Vh = 0.80 nm
3
 (egPDI). The structural 
relaxation of OTP as measured by dielectric spectroscopy
30




3.3.2 Degree of Spatially Heterogeneous Dynamics 
Breadth of Relaxation Times 
 After evaluating the average dynamics of the three PDI dyes in OTP, we assess 
information attained from individual SM linear dichroism auto-correlation functions for all PDI 
dyes at each temperature probed. First, heat corrected τc values obtained from every individual 
SM are plot in histograms at each temperature ranging from 250 – 258K for each PDI dye (Fig. 
3.3, left panel). There is a substantial spread in relaxation times for all probes at all temperatures 
investigated, with each histogram spanning over a decade.  
 Like in Chapter 2, distribution of rotational correlation times is plot on a log scale and fit 
with a Gaussian and Lorentzian curve.   In both cases, fits allowing all variables to float and fits 
fixing the height to 1 and offset to 0 are performed. As judged by R
2
 values, Gaussian fits with 
floating variables provide the best fits and these are shown in Fig. 3.3. FWHM values are 
reported in Table 1. For all four types of fits, the FWHM values extracted show the same trend, 
with the egPDI τc distribution having the largest FWHM and tbPDI the smallest.  
 Regardless of particular fitting procedure, no obvious trend is found for width of the 
distribution as a function of temperature for any of the probes. As such, in addition to plotting τc 
distributions for each probe at each temperature (Fig. 3.3, left panel), a normalized τc distribution 
for all temperatures is constructed (Fig. 3.3, right panel). These histograms are also fit to 
Gaussians and Lorentzians with and without constraints as described above. Again, Gaussian fits 
provide better fits than Lorentzians (for variable amplitude fits, R
2
 ≥ 0.98 for Gaussians vs. R
2
 ≥ 
0.95 for Lorentzians). The FWHM values extracted from the combined-temperature distributions 
are very similar to the average FWHM values for a particular probe’s distribution across 
temperatures (Table 1). Moreover, the trend showing FWHMegPDI > FWHMdpPDI > FWHMtbPDI 
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for τc distributions at individual temperatures also holds for this combined data. 
 For all probes, at all temperatures, the observed c distributions are broader than would be 
expected for a normal liquid, even given the experimental constraint of short trajectories. 
Simulations of 1000 trajectories of homogeneous rotational diffusion, all with the same c, were 
performed with trajectory length set to average trajectory length for each of the probe molecules 
in OTP: 46τc, 38τc, and 98τc for tbPDI, dpPDI, and egPDI, respectively (Table 3.2). In all cases, 
the simulations yield distributions (red lines, Fig. 3.3, right panel and Table 3.2) narrower than 
those measured experimentally, though broadened relative to the delta functions that would be 
expected for infinitely long trajectories. Performing simulations such that the trajectory length 
distribution (rather than simply the average trajectory length) matches that of experimental 
results yields very similar distributions, with a FWHM a maximum of 3% larger than that 
obtained using average trajectory length. We note that egPDI is the broadest of the three 
experimental distributions but would be expected to have the narrowest distribution in the 
absence of spatially heterogeneous dynamics since it has the longest trajectories. The 
experimentally recorded spread of τc values confirms that spatially heterogeneous dynamics 





Figure 3.3 (left) Distribution of SM τc values for (a) tbPDI, (b) dpPDI, and (c) egPDI in OTP at 258K (black), 257K 
(red), 256K (green), 255K (blue), 254K (magenta), 253K (wine), 252K (olive), 251K (orange), and 250K (cyan). All 
histograms are normalized to the maximum number of occurrences. Each histogram is taken from two data sets for 
each dye, with the histograms across data sets normalized to the median τc value at one of the data sets for that 
particular PDI dye. This alleviates any potential widening of the distribution arising from differing thermal contact 
of the sample and stage between data sets. (right) SM data from all temperatures normalized to τc,med = 10s and 
combined to form a single histogram for (d) tbPDI, (e) dpPDI, and (f) egPDI. Each histogram is fit with a Gaussian 
function (black line). Histogram of τc distribution of simulations of homogeneous rotational diffusion with trajectory 











































































































length for each simulation tuned to match experimental trajectory length as described in the text is shown by the red 
lines. 
Evaluation of Stretching Exponent  
 In bulk experiments, which can not access distributions of individual relaxation times as 
described above for SM probes, exponents derived from stretched exponential fits of ensemble 
ACFs of a variety of observables have been used to assess degree of spatially heterogeneous 
dynamics in supercooled liquids. In SM experiments, stretching exponents can also be assessed, 
both from individual SM ACFs as well from quasi-ensemble ACFs constructed from SM ACFs.  
 Time-limited trajectories may display ACFs with best-fit stretching exponents differing 
from 1.0 even for systems displaying homogeneous rotational dynamics, with strong effects still 
seen for trajectories 100 times longer than the characteristic rotational correlation time
19,20
, 
longer than the typical trajectories recorded here. For this reason, attributing the small stretching 
exponent of a given SM ACF to that SM probe experiencing different dynamic environments 
over the course of the experiment is not advisable.
12
  Distributions of  values across SM ACFs 
are also affected by short trajectories but may yield some information about degree of 
heterogeneity in a supercooled liquid. Figure 3.4 shows the distributions of  values for all 
individual SM traces, each of which was fit to a stretched exponential decay, for each of the 
three probes.  is allowed to float from 0.3 – 2.0 when each ACF is fit with a stretched 
exponential. Tails at 0.3 and 2.0 are removed from the figures and not included in the calculation 
of med. The difference in med with and without tails included is less than 1%. Fits were also 
performed allowing  to float from 0 – 2.0 when fitting ACFs of egPDI in OTP, and this results 
in < 2% difference in the med value. As with the c value distributions, the distributions of and 
median  values do not show any clear trend with temperature (data not shown); therefore, these 
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distributions are constructed using data for all temperatures. A median stretching exponent, βmed, 
is determined from these distributions: the med values are 1.08, 1.04, and 0.94 for tbPDI, dpPDI, 
and egPDI, respectively. We estimate the error on these values as < ± 0.01 as follows: least 
squares fitting of individual LD ACFs yields scaled uncertainties for  of approximately ± 0.2; 
propagating error through calculation of the average for a given movie yields med error of  ± 
0.02 – 0.04 and then is reduced further by averaging over all movies. The med values are shown 
as solid black lines in Fig. 3.4 and are reported in Table 3.2. 
 Fig. 3.4a-c also shows distributions of  values for the simulations of homogeneous 
rotational diffusion described above, with trajectory length set to average trajectory length for 
each of the probes. In all cases, the simulation data is treated as the experimental data and yields 
distributions that are somewhat different than the experimental distributions, with the simulated 
distributions somewhat narrower than the experimental ones. Unlike for the c distributions, 
where the experimental FWHM values are distinct from those yielded by simulation, the overall 
experimental and simulated distributions of  values and the med values are quite similar, 
particularly for tbPDI and dpPDI. These results suggest that the time-limited nature of typical 
trajectories affects individual SM ACF  values such that neither a particular  value nor the full 
distribution of an ensemble of SM  values can necessarily discriminate between a homogeneous 
and heterogeneous population. 
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Figure 3.4 Distributions of  values from individual SM ACF fits for (a) tbPDI, (b) dpPDI, and (c) egPDI. The solid 
black lines indicate the median value, βmed, of these distributions. The red curve represents distributions from 
simulations of homogeneous rotational diffusion with trajectory length set to match average experimental trajectory 
length. For all experimental and simulated data,  is allowed to float from 0.3 – 2.0 when each ACF is fit with a 
stretched exponential as described in the text. (d) βQE values for each probe for each movie collected as a function of 
true temperature for tbPDI (black squares), dpPDI (red circles), and egPDI (blue triangles). The dashed lines of 
corresponding color represent the mean βQE value for each probe for all temperatures studied. The solid lines of 




 Another method that allows evaluation of SM data for indications of host temporal 
heterogeneity as well as comparison to bulk experiments requires construction of a quasi-
ensemble ACF (ACFQE).  As described in Reference 16, for each movie all individual SM ACFs 
are summed to produce a single ACFQE, which is fit with a stretched exponential function. Each 
ACFQE yields a QE and a QE value. The QE values can be used in much the same way the c,med 
values are used to extract a Vh for each probe. Doing so leads to the following Vh values: 1.82, 
1.15, and 0.87 nm
3
 for tbPDI, dpPDI, and egPDI, respectively – a maximum of 11% difference 
from the results obtained with the approach represented by Fig. 3.2. This similarity validates the 
use of the ACFQEs for data analysis. The quasi-ensemble stretching exponents, βQE, are shown 
for each probe as a function of true temperature in Fig. 3.4d. While c values can be heat-
corrected using the DSE curve as a guide, ACFs can not be straightforwardly heat-corrected. 
Because multiple movies collected at the same set temperature may have different degrees of 
heating, data across movies can not be combined in constructing ACFQEs, and therefore these 
ACFQEs are constructed from SMs in a single movie. The obtained QE values, again, show no 
clear trend with temperature, while a trend as a function of probe is apparent. The mean βQE 
values obtained for tbPDI, dpPDI and egPDI are 1.01, 0.96, and 0.78 respectively (Table 3.2). 
The scaled uncertainly for the QE value for each movie is ± 0.02 – 0.04; thus, the error bars are 
around the size of the data points in Fig. 3.4d. The median QE error is lower by approximately 
an order of magnitude; however, as discussed below, scatter between points representing 
different movies exists in part due to differences in average trajectory length of the movies. 
Average βQE values for each probe are lower than the βmed values in all cases. This result stands 
in contrast to results for simulations, where QE values obtained from the same simulations used 
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to construct the c and distributions of  values shown in Figs. 3.3 and 3.4 are very similar to the 
med values and very close to 1.0 (Figure 3.4d and Table 3.2).   
3.4 Discussion 
3.4.1 Rotational Relaxation Rates 
 In a previous study, three PDI probes, including dpPDI and tbPDI, were used to assess 
spatially heterogeneous dynamics in glycerol. The extracted hydrodynamic volumes were found 
to be counter to what was initially expected: although tbPDI has the largest molecular weight and 
space filling volume of the three probes used, it demonstrated the fastest rotational relaxation and 
in turn had the smallest extracted Vh. Indeed, dpPDI’s Vh was found to be more than 5 times 
larger than that of tbPDI even though tbPDI has a van der Waals volume that is nearly 25% 
larger than does dpPDI (Table 3.3). We speculated that steric hindrance from the tert-butyl 
groups on tbPDI precludes the hydrogen-bonding interactions that could occur between glycerol 
and other PDI probes. We predicted that in OTP these two probes would show the opposite 
behavior, with tbPDI being slower than dpPDI and therefore yielding a larger extracted Vh. As 
shown in Fig. 3.2 and Table 3, this is indeed the finding in OTP, where the extracted 
hydrodynamic volumes for tbPDI, dpPDI, and egPDI are 1.87, 1.17, and 0.80 nm
3
, respectively. 
These extracted hydrodynamic volumes reflect the fact that c,med,tbPDI > c,med,dpPDI > c,med,egPDI 




Table 3. Molecular weight (MW), extracted hydrodynamic volumes (Vh), van der Waals volume (Vv), Vh/Vv ratios, 




 While the findings for the relative rotational relaxation rates and hydrodynamic volumes 
of tbPDI and dpPDI in OTP are in accord with these probes’ molecular weights, we note that 
egPDI has the shortest rotational relaxation time and smallest extracted hydrodynamic volume of 
the three probes even though its molecular weight is greater than that of dpPDI. To explain this 
finding, we consider additional measures of probe size and shape. The van der Waals volumes 
(Vv) of tbPDI, dpPDI, and egPDI are 0.67, 0.46, and 0.54 nm
3
, respectively, as computed with 
ChemBio3D via a Connolly excluded volume calculation. The extracted hydrodynamic volumes 
of the three probes are larger than the calculated van der Waals volumes in all cases (Table 3.3). 
The ratio of Vh to Vv for egPDI is the closest to unity, with Vh(egPDI,OTP):Vv(egPDI) = 1.48 while 
Vh(tbPDI,OTP):Vv(tbPDI) = 2.77 and Vh(dpPDI,OTP):Vv(dpPDI) = 2.54.  The fact that egPDI rotates more 
quickly than the smaller, less massive dpPDI suggests that its rotations may be governed by its 
core, with the extended hydrocarbon chains providing little hindrance to molecular rotation 
whereas the bulky phenyl groups of tbPDI and dpPDI may cause more hydrodynamic drag in 
OTP, slowing their rotational dynamics. The van der Waals volume of the core of the PDI probes 
is 0.26 nm
3
, which would yield Vh(egPDI,OTP):Vv(egPDI,core) = 3.08, quite similar to that for the other 
two probes. Additional differences between Vh and Vv for all probes likely emerge because of the 
assumption of a spherical probe in the DSE equation. 
Probe MW (g/mol) VV (nm
3
) Vh (OTP):VV Vh (Glycerol) (nm
3
) Vh (Glycerol):VV τc:τα,OTP τc:τα,glycerol
tbPDI 766.38 0.67 2.77 0.36 0.53 297 14
dpPDI 598.65 0.46 2.56 2.02 4.42 193 66
egPDI 684.73 0.54 1.48 . . . . . . 168 . . .
dapPDI 560.64 0.45 . . . 1.27 2.82 . . . 42
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  Vh may additionally differ from Vv due to the degree of intermolecular forces between 
the probe and host. Although Vh(dpPDI,OTP):Vv(dpPDI) is not unity, it is much smaller than that ratio 
for dpPDI in glycerol, Vh(dpPDI,glycerol):Vv(dpPDI) = 4.39 (Table 3.3). This is consistent with the idea 
proposed (but not endorsed) by Zondervan et al. that strong intermolecular interactions such as 
hydrogen bonding between PDIs and glycerol can lead to a temporary glycerol shell around the 
probe, resulting in an effective probe with a larger size and slower rotations than the bare 
probe.
14
 dpPDI’s presumed hydrogen-bonding interactions with glycerol slow its rotations in 
glycerol by a much greater degree than dpPDI’s interactions with OTP. If tbPDI can not 
hydrogen-bond with glycerol, as proposed, it would lack the glycerol shell and have a smaller 
Vh:Vv in glycerol, as was found (Table 3.3).
14,16
 We note that the discrepancy between the Vh:Vv 
ratios for tbPDI in glycerol and OTP is not fully understood, as tbPDI in glycerol appears to 
relax more quickly than would be expected in glycerol even for the bare probe.  
3.4.2 Breadth of Relaxation Times  
 One of the key observations emerging from the previous SM study in glycerol was that as 
probe median rotational correlation time in glycerol decreased, the breadth of reported rotational 
relaxation times increased.
16
 This suggested that as the rate of rotational relaxation of the probe 
approaches that of the host, the probe can sample and report a greater proportion of the true 
heterogeneous dynamics of the host. In other words, faster probes do less temporal averaging 
over these dynamically heterogeneous systems, which leads to an increase in the breadth of 
distribution of τc values. In the study in glycerol, as described above, the fastest probe happened 
to be that with the highest molecular weight and space filling volume. This implied that within 
the set of probes used, the differences in rotational relaxation rate, not space filling volume, were 
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most important in setting the breadth of heterogeneous dynamics reported. These results further 
suggest that at least a subset of dynamic exchanges occur on time scales similar to that of probe 
rotation.  
 The same trend found in glycerol is found in OTP, with FWHM of c distributions 
increasing monotonically with decreasing probe c,med even when this relaxation time does not 
track with probe molecular weight or van der Waals volume. Of the three dyes studied in OTP, 
egPDI, the fastest rotating probe, has the largest FWHM of c values across all temperatures 
studied (Table 1 and Fig. 3.3). To highlight this point, Fig. 3.5a shows the histograms also shown 
in the right panel of Fig. 3.3 overlaid for all three probes in OTP together with best-fit Gaussians 
to the log(c) histograms. In this case, the Gaussian fits are performed with fixed amplitude and 
zero offset. FWHM increases as c decreases, with egPDI demonstrating the widest distribution 
of c values as well as the shortest average rotational correlation time. The fastest rotating probe 
is also that which exhibits dynamics on a time scale most similar to the structural relaxation of 
the host: for the three PDI probes in OTP, this ratio ranges from τc/τα = 168 for egPDI to τc/τα = 
297 for tbPDI (Table 3). Determination of τc/τα values is described in the Appendix A. As in 
glycerol, the fact that the faster probe reports the greatest breadth of heterogeneity supports the 
idea that at least a proportion of the dynamic exchange occurs on time scales similar to those 




Figure 3.5 SM data from all temperatures normalized and combined to form a single histogram for (a) each PDI in 
OTP: tbPDI (blue), dpPDI (red), and egPDI (black) and (b) each PDI in glycerol: dpPDI (red), dapPDI (green), and 
tbPDI (blue). All histograms are normalized to their maximum number of occurrences. Each PDI in OTP histogram 
is fit with a fixed height Gaussian and each PDI in glycerol histogram is fit with a fixed-height Lorentzian (lines of 
solid colors corresponding to histogram colors). The histogram for egPDI in OTP is additionally fit with a fixed-
height Lorentzian (black dashed line in a) and tbPDI in glycerol is fit with a fixed-height Gaussian (blue dashed line 
in b). (c) c,med from each movie plot with respect to Tg/T for egPDI (black squares), dpPDI (red circles), and tbPDI 
(blue triangles) in OTP and tbPDI (open blue triangles), dapPDI (open green sideways triangle), and dpPDI (open 
red circles) in glycerol. Structural relaxation data for OTP (dashed blue line)
111
 and glycerol (dashed black line)
112
 
are plot with respect to Tg/T. (d) FWHM from Gaussian (squares) and Lorentzian (circles) fits to each of the OTP 
(blue) and glycerol (black) histograms pictured in (a) and (b) plot as a function log(τc/τα). FWHM from Gaussian fits 
of OTP (blue squares) and from Lorentzian fits of glycerol (black circles) τc distributions vs. log(τc/τα) are fit to 


































































































 We may also consider the breadth of heterogeneity reported by these probes in OTP 
compared to in glycerol. Taking the same data shown in Fig. 3.2 as well as that for 3 PDI probes 
in glycerol and plotting it as a function of T/Tg – as in an Angell plot – reinforces that in both 
cases probes follow the dynamics of the host, here as captured by structural relaxation data 
measured for OTP and glycerol (Fig. 3.5c).
111,112
 From this plot, it is also apparent that OTP 
dynamics (and probe reports of said dynamics) change more quickly with temperature than do 
those of glycerol over the same temperature range relative to Tg. This highlights the fact that 
OTP is more fragile than glycerol, with fragility a measure of the degree of non-Arrhenius 
change in viscosity with temperature upon approach to Tg.
3,29
 It has been proposed that more 
fragile systems may display a greater degree of heterogeneous dynamics than less fragile 
ones,
2,29
 and we investigate whether our results provide evidence for different degrees of 
heterogeneous dynamics in OTP and glycerol.  
 Fig. 3.5a and b show the combined histograms across temperatures for three probes in 
OTP and glycerol, respectively. In both cases, best-fit amplitude-fixed and zero-offset Gaussian 
and Lorentzian fits are performed. While all fits are relatively good, the Gaussian fits better 
describe the summed OTP histograms (R
2
 = 0.98 for all probes for Gaussian fits vs. 0.92-0.95 for 
Lorentzian fits) while the Lorentzian fits better describe the summed glycerol c histograms (R
2
 
= 0.91- 0.99 for all probes for Gaussian fits vs. 0.97-0.99 for Lorentzian fits). Considering either 
Gaussian or Lorentzian fits, the c histograms measured in OTP are broader than those measured 
in glycerol (Fig. 3.5d). While probes in OTP tend to display shorter trajectories in terms of probe 
c than in glycerol, egPDI in OTP and dapPDI in glycerol have nearly identical average 
trajectory lengths of 98 and 102c, respectively. Thus, simulation of homogeneous rotational 
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diffusion in both cases yields FWHM values of log(c) distributions of 0.34. The experimental 
FWHM values, on the other hand are 0.69 for egPDI in OTP and 0.42 for dapPDI in glycerol, 
with the corresponding c/ values being 168 and 42, respectively (Table 3.3). The fact that a 
broader τc distribution is found in OTP even though this probe is performing a greater degree of 
temporal averaging than the corresponding probe in glycerol suggests that OTP is more 
heterogeneous than glycerol. We note that it was initially expected that τc/τα values for PDIs in 
OTP would be closer to unity and indeed smaller than those in glycerol. This assumption was 
based on the fact that OTP molecules are larger than glycerol molecules, and PDI probes are 
closer in molecular weight and van der Waals volume to OTP than to glycerol molecules. That 
this is clearly not the case is suggestive of the fact that glycerol, with its hydrogen bonding 
network, may have a larger effective relaxing unit (perhaps related to cooperatively rearranging 
sets of molecules) than does OTP.  
 Figure 3.5d displays the FWHM values of the c distributions of all probes in both 
glycerol and OTP as a function of log(τc/τα). In both supercooled liquids the FWHM values of 
the probe distributions increase with decreasing log(τc/τα). Extrapolating linear fits of this data to 
τc/τα = 1 (i.e. where probe rotational correlation time is equal to the host structural relaxation 
time) implies a situation in which no temporal averaging by the probe would be expected. For 
glycerol, in this limit, the extrapolated FWHM is 0.99 while that of OTP is 1.80. We suggest this 
is additional evidence that OTP exhibits a greater degree of spatially heterogeneous dynamics 
than glycerol. We note, however, that other possibilities also exist. First, it has been suggested 
that OTP has larger regions of distinct dynamics than glycerol.
77,113
 The employed probes, with 
radii along the transition dipole of ≈ 0.2 nm, are more likely to span regions of distinct dynamics 
in glycerol than in OTP. This could lead to more spatial averaging by the employed PDI probes 
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in glycerol than in OTP, which could contribute to differences in the widths of the histograms in 
the two supercooled liquids. Another possibility is that dynamic exchange occurs on quite 
different time scales in OTP and glycerol. Indeed, while several experiments suggest that 
dynamic exchange happens on time scales similar to structural relaxation in glycerol and OTP 
26,27,80,114
 at least one experiment suggests very long-lived heterogeneity in glycerol.
14
 If glycerol 
and OTP have dissimilar characteristic time scales of dynamic exchange (ex) relative to the 
structural relaxation time, the τc/τex ratio would be decoupled from τc/τα ratio and extrapolation to 
τc/τα  = 1 may not equally correct for temporal averaging in OTP and glycerol.  
3.4.3 Evaluation of Stretching Exponent 
 Just as distributions of probe c values reveal information about host heterogeneous 
dynamics, so too may distributions of stretching exponents. As described in Section 3.3.2, the 
med values in OTP are close to 1.0, as are those attained from simulations of purely 
homogeneous dynamics (Fig. 3.4a-c and Table 3.2), likely due in part to the time-limited nature 
of the SM trajectories. Quasi-ensemble interpretation of stretching exponents, however, shows 
not only that measured med > QE in OTP for all probes but also that QE obtained from 
experiments does differ substantially from that attained from these simulations (Fig. 3.4d and 
Table 3.2). The finding of  med > QE is consistent with the fact that greater differences are 
observed across probes than within probes over time, or that spatial heterogeneity dominates 
over temporal heterogeneity in these SM measurements. This is because in the limit of long 
trajectories, the deviation of med from 1.0 reports on temporal heterogeneity experienced and 
reported by a probe while QE reveals both that temporal heterogeneity plus any differences 
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across probes, i.e. spatial heterogeneity. This conclusion is similar to recent conclusions of 
Gruebele and coworkers for SM probe-free experiments on a metal glass surface.
115
 SM probe 
report of a greater degree of spatial than temporal heterogeneity is consistent with the spread of 
c values being larger than expected from simulation of homogeneous dynamics while the 
distribution of individual  values does not differ substantially from that obtained from those 
simulations. We note that SM probe reports of a greater degree of spatial than temporal 
heterogeneity does not necessarily imply this is true of the supercooled OTP itself; indeed, the 
fact that data collected in both OTP and glycerol show that the fastest probes report the greatest 
breadth of heterogeneity strongly suggests dynamic exchange on (and likely below) the time 
scale of probe rotations occurs in these supercooled liquids. The probe-dependent findings 
further suggest that extrapolating to the limit of no temporal averaging (Fig. 3.5d) can yield 
important information of instantaneous (spatial) heterogeneity in a supercooled liquid.  
 As described in Section 3.3.2, to compare β values obtained from SM experiments to 
those obtained from ensemble studies, a βQE value is extracted from ACFQEs for each type of PDI 
probe measured in OTP. βQE values remain relatively constant across temperature for all probes 
studied in OTP, as for FWHM values of c distributions. The fastest rotating probe in OTP, 
egPDI, exhibits the smallest βQE value with an average βQE = 0.78 across temperatures. This 
value is larger than that obtained from probe-free measurements in OTP where β ≈ 0.35 – 
0.50.
116,117
 However, it is similar to those obtained from most probe-bearing experiments in OTP, 
which yield  values from 0.60 – 0.90, some of which show temperature dependence in the 
temperature regime investigated here.
77,118,119
 In these measurements, potential probe averaging 
in space and time can not be distinguished. In our measurements, in which the fastest probes 
consistently report the greatest degree of host heterogeneity regardless of probe size, the increase 
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in QE values relative to  values measured in probe-free experiments points to the importance of 




 In analogy with the FWHM values obtained from c distributions extrapolated to c/  = 
1, the value of QE in the limit of no temporal averaging can be estimated. Doing so reinforces 
that time-limited trajectories affect extracted  values more substantially than FWHM values of 
c distributions, as described previously.
20
 For all probes in OTP, βmed is near 1.0 and βmed > βQE. 
This is true, as well, for measurements of dpPDI, dapPDI, and tbPDI in glycerol. In Figure 3.6, 
βQE values are plot as a function of probe and trajectory length for every movie collected in OTP 
and glycerol. For the employed probes, probe lifetime in glycerol is significantly longer than in 
OTP. For dpPDI and dapPDI in glycerol, βQE values exhibit a plateau at a value of βQE ≈ 0.9, 
regardless of trajectory length. On the other hand, for tbPDI βQE decreases with increasing 
trajectory length. In OTP, it is not clear whether any of the probes exhibit a plateau, and it 
appears that the two faster rotating probes, dpPDI and egPDI, show a trend towards lower βQE 
with increasing trajectory length. For simulations of homogenous rotational dynamics and those 
with spatial but no temporal heterogeneity, it was previously shown that decreases in βQE occur 
as a function of trajectory length for trajectories of up to 1000c; however, most of the change 
occurs for systems of up to 100c even though the FWHM of c distributions evolves little in this 
same trajectory length range.
20
 For a system with temporal heterogeneity, additional decrease of 
βQE with increasing trajectory length may be expected as each individual SM ACF becomes 
increasingly stretched for probes that do not substantially average over dynamic heterogeneities 
in these systems. We find evidence for this occurring for tbPDI in glycerol and egPDI in OTP. 
Because of the short trajectories of the other two probes in OTP, the QE values may not 
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accurately represent the degree of heterogeneity in the supercooled liquid. This is illustrated by 
Fig. 3.6b, where average βQE values averaged over all movies for each probe are plot vs. FWHM 
of c distributions. In both cases, the relationship between FWHM and βQE is approximately 
linear. For glycerol, extrapolating to FWHM = 0.98, the value at which probe rotational 
correlation time is equivalent to host structural relaxation time, QE is 0.48, very similar to that 
obtained from ensemble experiments.
99
 The same approach for OTP, however, yields an 
unphysical, negative QE value, likely because the QE values are overestimated, particularly for 
dpPDI and tbPDI due to the short trajectories collected. Despite this, the approximately linear 
relationship between FWHM and QE for both glycerol and OTP provides evidence that both 







Figure 3.6 (a) βQE with respect to median trajectory length in terms of τc,med for each measurement for egPDI (black 
squares), dpPDI (red circles), and tbPDI (blue triangles) in OTP and tbPDI (open blue triangles), dapPDI (open 
green sideways triangles), and dpPDI (open red circles) in glycerol. Inset shows the same data with trajectory length 
plot on a log scale. (b) Average βQE for each PDI studied in OTP (blue) or glycerol (black) with respect to FWHM 
from Gaussian (OTP) or Lorentzian (glycerol) fits to each histogram pictured in Fig. 5a and b as well as best-fit lines 
to the data. 
3.5 Summary 
 This study monitored the rotational relaxation dynamics of three PDI probes in OTP near 
the glass transition temperature. Each of the three probes sampled and reported rotational 
correlation times that spanned more than a decade, consistent with the presence of spatially 
heterogeneous dynamics in OTP. As in glycerol, probe rotational correlation time scaled 
inversely with breadth of SM τc distribution, with faster probes having a broader τc distribution. 
This implies that a portion of the full range of dynamic exchange events occurs on probe 



















































rotational correlation time scales. For these probes in OTP, the τc/τα value is on the order of 100 
and thus dynamic exchange reported by these probes is occurring on similar time scales. 
Extrapolating FWHM of rotational relaxation times to the self-diffusion time scale of the host 
suggests that the τc distribution would span approximately two decades if an instantaneous 
measurement could be performed. Comparison with SM measurements in glycerol suggests that 
the more fragile OTP is more spatially heterogeneous than is glycerol, though discrepancies 
between reports of heterogeneity from τc distributions and those from evaluating stretching 
exponents require additional study. This SM study in OTP not only confirms findings from 
previous study in glycerol suggesting dynamic exchange occurs on and below the probe 
rotational time scales, it also demonstrates how probe-dependent studies can be used to 
extrapolate to a regime in which effects of temporal averaging are eliminated, an important 






Chapter 4. Single Molecule 
Studies in Polystyrene Films 
 
In this chapter, results from single molecule studies of polystyrene films doped with 
perylene diimide (PDI) probes are presented.  This study was conducted to investigate the 
segmental dynamics of high molecular weight polystyrene at high spatial resolution using single 
molecule (SM) microscopy techniques. Here, as in Chapters 2 and 3,wide field SM microscopy 
was used to follow the relaxation dynamics of PDI probes in a system near its glass transition 
temperature, this time polystyrene (PS) rather than a small molecule glass former. These studies 
were used to reveal the nature of the temperature dependence as well as details of the 
heterogeneity present in bulk-like films of PS. These experiments were conducted in anticipation 
of studying confined films via SM experiments, which will help uncover details about the 





4.1.1 Dynamic Heterogeneity Revealed by Single Molecule Studies 
Single molecule microscopy can resolve the shortcomings of experiments attempting to 
probe the details of dynamic heterogeneity of polymers near their glass transition temperature.  
Unlike in small molecule glass formers, there have been a relatively large number of single 
molecule studies probing various aspects of supercooled polymeric systems. These experiments 
include various techniques including monitoring small molecule probes amongst an unlabeled 
polymer system 
17,24,72,120–127
, diffusion of labeled polymers 
128
, and studying the segmental 
motion of the polymer chains by tracking the fluorescence lifetime of probes. 
126,129–141
  All of 
these studies have helped uncover the physical origins of dynamical heterogeneities within the 
polymer systems and set up experimental protocols that could be used to investigate confined 
films. 
4.1.2 Previous Single Molecules Studies of Confined Polymer Films 
Recently, the first single molecule studies on confined polymer films have been carried 
out.
71,73,142
 These studies reveal many interesting aspects of the mobile region’s dynamics and 
dependence on experimental parameters such as temperature and film thickness.  A study carried 
out by Vacha and coworkers used single PDI probe molecules to investigate poly(methyl 
acrylate) films supported on a glass coverslip of varying thickness (110 nm, 70 nm, and 20 nm) 
at Tg + 13 K.
65
  Results of these experiments found probes in a 5 nm thick surface layer with 
increased mobility regardless of the overall thickness of the film (Figure 4.1).  This finding 
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converges with previous ensemble studies done by Paeng, et al., where they additionally 




Figure 4.1 A schematic proposal of the structure of the confined supported films of single molecule experimental 
studies carried out by Vacha et al.  Figure 4.1 is reproduced from Reference 66 with permission from the publisher. 
 
To investigate the temperature dependence of the mobile region thickness, Wӧll et al. 
conducted a study of supported films of low molecular weight polystyrene doped with another 
type of PDI probes.  In this study, single probe positions were tracked, yielding translational 
diffusion constants.
72
  They too varied the thickness of the film, from 30 – 250 nm, and also 
varied temperature from Tg – 1.1Tg.  The study showed probe molecules were immobile at 
temperatures up to Tg, and from Tg to Tg + 40K, mobile and immobile populations were found.  
The fraction of mobile molecules increased as film thickness decreased, and mobility was 
observed at lower temperatures for the 30 nm films than for the thicker films. Interestingly, 
heterogeneous character in the translational diffusion tracks of single molecules were observed in 
all mobile molecule situations suggesting dynamic heterogeneity within the mobile surface layer 
of the films. A third study, also investigated thin PS films of two molecular weights (34,000 and 
392,000 g/mol) over a wide temperature range and introduced PS chains containing probe 
molecules chemically attached to each terminal end dilutely.
73,144
 Measuring the fluorophores’ 
rotations then revealed terminal chain dynamics of PS thin films. This study complements 
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findings of another study of this type
144
,  which found a wide range of rotational fluctuations of 
individual fluorophores indicating heterogeneous dynamics.  Additionally, a characteristic 
temperature where an abrupt change of terminal chain dynamics from arrested to mobile was 
found. This temperature was found to be dependent on film thickness and molecular weight of 
the polymer system.  Interestingly, the authors found that this temperature does not coincide with 
the glass transition temperature, suggesting motion near chain ends differs from that of the 
internal chain segmental dynamics.  
4.1.3 Experimental Shortcomings 
The experiments described above have uncovered some details of dynamic heterogeneity 
within confined polymers, but many questions remain unanswered.  The details of spatially 
heterogeneous dynamics of the mobile layer below (bulk) Tg have yet to be investigated via 
single molecule techniques in confined polymer films.  Recent ensemble measurements suggest 
the presence of a mobile region of temperature dependent thickness below the glass transition 
temperature (Figure 4.2). 
143,145
  A much wider temperature range, above and below the glass 
transition temperature, should be probed to understand whether heterogeneous dynamics of the 
mobile layer, thickness of the mobile region, or the gradient of dynamics within the mobile 
region depend on temperature or film thickness.  Vacha’s data reveals an undeniable mobile 
region on the surface of the polymer film with an interior region displaying expected bulk 
dynamics but only probes a single temperature, above Tg. Wӧll and coworkers’ single molecule 
studies probe a wide temperature range, all above Tg.  The studies of Zheng et al. investigate 
temperatures that span Tg, but these studies only provide information about the terminal 
dynamics of the system, likely distinct from the segmental dynamics in other locations on the 
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chain.   Additionally, the terminal dynamics probed may be altered from the addition of the 
fluorophore to the chain ends.  
 
Figure 4.2 The mobile layer thickness with respect to temperature for differing film thickness of PS found via 
fluorescence anisotropy measurements and complementary schematic.  At Tg, the surface mobile layer is 7 nm thick 
for all film thicknesses investigated. Figure 4.2 is reproduced from Reference 68 with permission from the publisher. 
 
The control or addition of experimental parameters is needed to allow for more extensive 
conclusions in the single molecule studies probing segmental dynamics: Vacha et al. only 
reported two film thicknesses, 110 nm and 70 nm, thicker than most thin film studies where 
evidence of mobile layers have been found. Wӧll’s studies use low molecular weight polystyrene 
(3,000 g/mol), which may differ in behavior from high molecular weight polymers, given the 
importance of chain length relative to entanglement length in setting glassy properties of 
polymeric thin films.  Beyond this, no particular attention was paid to temperature maintenance 
and avoiding potential temperature gradients in these studies.  It is crucial to maintain the 
95 
 
temperature of the sample to ensure seemingly interesting results are not produced from 
temperature inconsistencies or gradients.   
The purpose and main motivation of this final stage of thesis work is to conduct 
experiments that bridge the gaps and alleviate the shortcomings of the recent efforts to gain a 
fuller understanding of the spatially heterogeneous dynamics in confined polymer systems 
through single molecule studies.  By probing a wider range of temperatures, especially 
temperatures below Tg, rotational information can be collected from the bulk portion of the thin 
film as well the mobile surface region.  This will aid in understanding the heterogeneous 
dynamics and dynamic length scales of the system and as well as reveal the size of mobile and 
bulk regions as a function of temperature and film thickness.  
We plan to perform rotational measurements of PDI type probes in high molecular weight 
polystyrene doped in a confined thin film environment via single molecule microscopy.  First, 
control single molecule measurements much like the ones in OTP are carried out in a “bulk” 100 
nm polystyrene film at Tg – 1.01Tg.  The purpose of these experiments is to confirm that PDI 
reports the same temperature dependence as the structural dynamics of PS near its glass 
transition temperature and to gain insight into the breadth of rotational dynamics present in this 




4.2.1 Sample Preparation 
Polystyrene (PS) of molecular weight Mw = 168,000 g/mol (Polymer Source Inc., p4250-
S, Mn = 160,000, polydispersity 1.05) was dissolved in toluene (Sigma Aldrich, 
spectrophotometric grade) to obtain 2.0 wt% solution. This solution is photobleached in a home-
built bleaching apparatus for 48 hours. Solid N,N′-Bis(1-pentyl)perylene-3,4,9,10-
bis(dicarboximide) (pPDI) is obtained from Sigma Aldrich and dissolved in toluene to form a 2.6 
x 10
-5 
M stock solution.  This solution was subsequently diluted to 1.0 x 10
-8
 M solution for use 
in SM imaging samples.  Solutions of pPDI in PS were prepared by mixing 1 uL of 1.0 x 10
-8
 M 
pPDI in 370 uL of 2.0 wt% PS.  These solutions produced films with a pPDI concentration of 1.5 
x 10
-9
 M.  This concentration produced molecules that were dilute enough that they are separated 
by a greater distance than the diffraction limit, but concentrated enough such that ~100-150 
analyzable molecules were found per measurement. 
Films of pPDI/PS were prepared by spin coating onto a silicon wafer.  The silicon wafers 
were cut into 5 x 5 mm pieces in order to fit into the sample holder.  The pieces were treated with 
a 4:1 concentrated sulfuric acid:30% hydrogen peroxide solution for 1 hour.  This process 
produces a native oxide layer of that is smooth and of uniform thickness.  Wafers were 
subsequently flushed with Millipore water followed by 200 proof ethanol (Sigma Aldrich) and 
stored in ethanol. The native oxide layer ~2 nm thick was measured by ellipsometry.   Wafers 
were sprayed with Millipore water and spun at 8,000 RPM for 1 min to sufficiently dry the 
surface.  The pPDI/PS solutions were spincoated onto the silicon wafer via a glass pipette at 
2,000 RPM for 1 minute to produce a 100 nm film. All samples are annealed in a vacuum oven 
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at 120° C (Tg + 20° C) for 12 hours. Following the annealing process, polymer film thickness 
was confirmed by ellipsometery measurements. 
The sample was placed into the microscopy cryostat (Janis Research Company Inc., 
Model ST-500-LN) and placed onto the sample stage using Braycote 601EF vacuum grease to 
ensure thermal contact between the sample and stage. The cryostat was evacuated and the 
vacuum remained on for the duration of measurements. The cryostat was subsequently heated 
from room temperature at a rate of ~8 K min
-1
 to desired temperature.  The system is held at the 
measurement temperature until the pressure reached 3.0 mtorr or at least 1 hour time had elapsed 
to ensure all toluene is removed from the system. 
4.2.3 Optical Setup 
The optical setup used for these measurements was a variation of that used for rotational 
measurements collected in Chapter 3.  Data was acquired using a home built microscope in an 
epi-fluorescence configuration similar to Fig. 3.1.  Optics on the excitation portion of the setup 
have been simplified further (Figure 4.3).  The excitation light (Nd:Vanadate 532 nm diode laser, 
Spectra Physics Millenia Vs) was directed into an objective lens and coupled into a multimode 
fiber (Newport, F-MCB-T-3FC) that was shaken by a piezoelectric buzzer at 500-4700 Hz 
(MCM Electronics; PEB in Fig. 3.1) and directed out of the fiber via a collimator.  At this point 
the modification from the previously described setup occurs: after the beam was directed through 
a neutral density filter, a half waveplate used to adjust the ratio of parallel and perpendicular 
polarized light.  The beam was directed through a tube lens and reflected toward the objective 
lens by a dichroic mirror. The SMs within the sample were illuminated, and their fluorescence 
was collected by a high numerical aperture objective lens (Zeiss, LD Plan-Neofluar, air 63x, NA 
= 0.75, WD = 1.5 mm), through detection optics including long and bandpass filters and a 
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Wollaston prism, splitting the signal into two orthogonal polarizations.  The signal was collected 
by an electron multiplying charge-coupled device camera (Andor iXon DV887; EMCCD in Fig. 
4.3). 
 
Figure 4.3 Schematic diagram (not to scale) of the epi-fluorescence microscope. F = filter, M = mirror, L = lens.  
Image on right illustrates a typical field of view and a zoomed in image of a matching pair. 
4.2.3 Bulk Film SM Experiments 
Data were collected at temperatures from 373.8K – 377.6K. Optimal frame rate for each 
movie was determined during preliminary experiments to be ≈ 20 frames per median rotational 
relaxation time, τc,med.  Measurements were taken for 6,000 frames to ensure measurements 
continued until most molecules photobleached.  Measurements were taken at 5 Hz at 377.6 K, 
1.67 Hz for 376.3 K, 0.55 Hz for 375.0 K and 0.29 Hz for 373.8 K.  The sample was 
continuously illuminated for data collected at 5 Hz with an exposure time of 0.2s.  Data collected 
at <5 Hz had a fixed exposure of 0.2 s with the laser shuttered the remainder of the frame time to 
avoid photobleaching. 
Most data was collected at a laser power of 10 mW, as measured before the objective 
lens. This consistently yielded a signal to background ratio of at least 2.  To allow for correction 
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of heating by the laser for continuously illuminated measurements, additional movies were 
collected at 377.6K at 20 mW and 30 mW.  Median probe rotational correlation time as a 
function laser power were plotted and linearly fit to obtain a correction factor.  This correction 
factor was then used to calculate an adjusted, actual temperature using the VFT equation, 
           
 
    
 , where A = -11.15, B = 404.87, and T0 = 341.8.  These VFT parameters 
were found by fitting dielectric measurement data of high molecular weight PS.
146
  This 
correction yielded a temperature increase of 0.03 K which is within experimental error of the 
temperature control of the system (±0.2 K).  Therefore, we assume measurements taken at 377.6 
K are truly 377.6 K. 
4.2.4 Data Analysis 
Rotational Data 
 Data analysis was performed using a variation of the in house IDL based software (ITT 
Visual Information Solutions) used previously in the Kaufman lab. 
15,16,108,147
  Frames 1,000 – 
1,500 were summed to maximize the chances of choosing a set of molecules with longer 
lifetimes until photobleaching.  This summed image was band-pass filtered by convolution using 
a Gaussian intensity distribution whose width was on the order of the feature size.  Features 
found whose integrated intensities were above a reasonable threshold were subsequently 
matched from right and left channels, using a known separation on the CCD chip.  Molecules 
were analyzed only if they have a matching pair, photobleached in a single step, and were free of 
any closely neighboring fluorophores. 
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 Once the locations of the fluorophores were established, all further analysis was 
performed on the raw, unfiltered images. The intensity of the fluorophore was determined in both 
channels by calculating the median intensity of the pixels located within 2-2.5 pixels of the 
identified feature center. Median intensity values were then recorded for each molecule in each 
frame of the movie. This differs from previous analysis where intensities were found by 
integrating intensity and subtracting the background.
16,108,109,147
  Because the extracted data was 
affected by camera noise, median intensity values were used to prevent the addition of further 
noise due to the propagation of camera noise when integrating several pixels of signal or 
performing a background subtraction.  A linear dichroism (LD) trajectory was then constructed 
from each frame of the movies as  










LD ,      (4.1)         
 
where -1 ≤ LD ≤ 1 and left and right intensities are denoted as II    and || .  A smoothed intensity 
trajectory was formed by calculating a moving average of the raw total intensity ( II    and || ) 
trajectory with an averaging window of 50 frames.  A threshold was set with respect to the 
smoothed intensity, and all intensity points of the smoothed intensity trajectory that were above 
threshold were retained.   All points of the smoothed intensity trace that fell below the threshold, 
i.e. where the molecule either blinked or had photobleached, were excluded from the intensity 
trajectory. 













tC       (4.2) 
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where the deviation of the LD signal from the mean, )(LD)(LD)( ttta  , was calculated for 








      (4.3) 
with  the stretching exponent and the extracted relaxation time given by   













.       (4.4) 
fit represents how fast the molecule rotates as represented by the initial decay of the ACF.  The 
resultant c represents the the average rotation time over the full trajectory, incorporating the 
degree of dynamic heterogeneity the molecule has exhibited. 
Initially, individual SM ACFs were fit with a stretched exponential form.  Bounding 
parameters were subsequently enforced to exclude inaccurate fits among these trajectories.  It has 
been shown that extracted relaxation time and associated β are affected by limited trajectory 
lengths, therefore only trajectories longer than 30c were included.  Related to this bound, 
trajectories with β values falling in 0.3 ≥ β ≥ 2.0 were retained because β values < 0.3 have been 
shown to affect the accuracy of the reported fit value.  Trajectories with sampling rates > 
5points/c and >3 points/fit were chosen because sampling rates lower than this contain too few 
rotations to produce reliable fits.  Lastly, the prefactor value, A, (from equation 4.3) was used to 
bound trajectories by 0.3 > A > 1.2, to avoid fitting trajectories with low signal to noise (lower 
bound) or including trajectories which have inherently inaccurate fits (upper bound).     
Translational Data  
 A subset of molecules present in the films under investigation appeared to be translating 
when using the same data collection parameters used to collect rotational data.  Analysis of the 
translating SMs was performed using in-house written IDL based software (ITT Visual 
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Information Solutions).  Frame by frame analysis was performed to locate SM features in every 
frame.  Each individual feature in each frame was subsequently fit with a Gaussian and a 
tracking algorithm was employed.
148
  This tracking algorithm utilizes three parameters when 
locating and tracking translating features: 1) the maximum displacement is set to indicate the 
furthest expected movement of a feature between consecutive frames, 2) a memory parameter is 
set to indicate the maximum number of frames after the disappearance of a molecule that the 
algorithm will continue to look in that vicinity for the reappearance of the molecule; this is 
particularly useful for treating photoblinking events or defocusing, 3) a minimum trajectory 
length is set to exclude trajectories with too few points, to allow meaningful mean squared 
displacements to be constructed.  Once the algorithm is applied, the translating feature intensity 
data is extracted and the coordinates of each feature are tracked in time. 
 
4.3 Results 
4.3.1 Median Probe Rotational Relaxation Times 
We first investigated the temperature dependence of the measured rotational dynamics of 
pPDI on average in PS.  The median of the SM rotational correlation times for each temperature 
investigated were determined.  The temperature dependence of these median values over all 
temperatures probed was investigated to assess whether the probes mimic the structural 




A single median τc value for all single molecule data collected (all movies) at each 
temperature probed was obtained (Table 4.1).  Figure 4.4 shows median τc values with respect to 
temperature where each scatter point represents a median τc value for a given temperature 
representing 902 – 1971 molecules in total.   These data were overlaid with a VFT curve 
vertically shifted by a constant value.  As expected, there was good agreement between the 
temperature dependence of the probe median rotational correlation time data and that of the 
dielectric data for PS, suggesting the probes are accurate reporters of the host structural 
relaxation, which is governed primarily by segmental dynamics.  Comparing the shifted VFT 
line for this data to the original VFT line from dielectric relaxation measurements shows that 
although the probes’ dynamics reflect the temperature dependence of the host dynamics, they do 






Figure 4.4 Median rotational correlation time values from SM measurements (pink circles) with respect to 
temperature. Vertically shifted VFT curve (pink dash dot line) shows the temperature dependence of the probe 
measurements are in agreement with dielectric relaxation measurements.  The best fit VFT curve for dielectric data 
is plotted in blue as a reference.  Glass transition temperature of PS is indicated by a vertical green dotted line.  The 
structure of pPDI is pictured (inset).  
4.3.2 Breadth of Rotational Relaxation Times 
After evaluating the average dynamics of pPDI in PS, we take a deeper look into the 
information revealed by the single molecule trajectories at each temperature.  Specifically, τfit 
and subsequent τc values (Eqns. 4.4 and 4.5) were obtained from fits of the linear dichroism 
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autocorrelation functions of each individual single molecule’s intensity trajectory.  These values 
were plotted in histograms on a log scale for each temperature probed (Figure 4.5 (a) and (b)).  
There was a substantial spread for all temperatures probed with each histogram spanning more 
than 1.5 decades for both τfit and τc.  
The full width at half maximum (FWHM) for each τfit distribution (Figure 4.5 (a)) is 
determined by simply measuring the width at the half maximum position of the normalized 
distribution.  Each τc distribution was fit with a Gaussian function given by 















 ,     (4.5)  
where xc indicates the center of the peak and 

 is the variance. The full width at half maximum 
is given by 2ln22 .  The fitting procedure allows all variables to float.  All τc distributions 
were fit well as indicated by the R
2
 value.  Corresponding Gaussian fits for each distribution of τc 
were plotted (Figure 4.5 (b)).   
The FWHM values as a function of temperature remain constant within error, upholding 
the time temperature superposition principle (Table 1.1).
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  In addition to plotting τfit and τc 
distributions for each temperature, normalized distributions for all temperatures were constructed 
and fit with a Gaussian fit as described above (Figure 4.5 (c) and (d)).  The FWHM of the 
combined temperature distribution was similar to the FWHMs of each individual temperature’s τ 




Figure 4.5 Log normal distribution of τfit (a) and τc (b) each individual temperature probed and normalized τfit  (c) 
and τc (d) distributions.  Gaussian fit curves of the distributions are shown in red. 
 
The τc distributions for each temperature as well as the temperature combined distribution 
appear to be asymmetric i.e. the fast τc tail appears to be undersampled.  This may be due to 
measurements limited by a single frame rate.  At least 3 frames per rotation of a single molecule 
are needed to quantify the dynamics of a probe molecule given our fluorescence microscopy data 
collection setup and subsequent analysis of LD trajectories.  The breadth of dynamics of PS near 
Tg may be too wide to capture in a single frame rate.  Therefore, measurements at faster frame 
rates may be necessary to assess rotating molecules whose rotations cannot be quantified using a 
~20 frames per τc,med frames rate, yielding the true full dynamic range of the system at a given 
temperature.  On the other hand, increasing the sampling rate of measurements will decrease the 
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trajectory lengths of the single molecule measurements, decreasing the accuracy of the extracted 
τc values. Given the FWHM of log(τc) distributions does not change across all temperatures 
probed and median τc closely follow the temperature dependence of dielectric measurements, the 
data described in thesis that were collected at a single frame rate for a given temperature are 
deemed suitable for further analysis.  
 
Table 1.1 Number of molecules, frame rate, median τfit, τc and β of all single molecule trajectories, βQE, FWHM of 
Gaussian fits of τfit and τc distributions, median frames per τc and median trajectory length per τc (median on time of 
molecules until photobleaching divided by their respective τc) for each temperature probed. 
 
4.3.3 Evaluation of Stretching Exponent 
Spread of SM stretching exponents 
 As a complement to assessing the spatially heterogeneous nature of the PS system near 
Tg, through the τfit and τc distributions, evaluation of stretching exponents, spatially 
heterogeneous dynamics are often quantified by the exponent of the stretched exponential fit of 
the ACF formed from ensemble measurements of observables. In SM experiments, this can be 
377.6 K 376.3 K 375.0 K 373.8 K
No. Molecules 1142 690 724 543
Frame Rate (Hz) 5 1.67 0.56 0.28
τfit, med 2.42 8.72 19.9 46.05
τc, med 3.9 14.1 30.8 73.3
βmed 0.62 0.63 0.63 0.63
βQ E 0.58 0.56 0.59 0.58
FWHM (τc) 0.63 0.65 0.61 0.63
Frame/τc 19.5 23.5 17.1 20.94
Trajectory Length/τc 180.7 149.3 163.5 138.7
108 
 
done by extracting a stretching exponent for each individual SM and also from fitting a quasi-
ensemble ACF (ACFQE) constructed from SM ACFs for each movie.  
 The distribution of β values for each individual temperature across all individual SM 
ACF fits showed no clear difference, yielding nearly identical βmed values (βmed ≈ 0.63).  
Therefore, β values across all individual SM ACF fits for all temperatures were combined and 
are plotted (Figure 4.6).  These values are limited to 0.3 < β < 2.0.  As you can see, there is a 
sharp drop off around β = 1.  Additionally, trajectory length has been shown to limit the accuracy 
of reported β.
20
   The median trajectory lengths for each temperature from these experiments are 
at least 138τc, well above the lower bound where β values reported suggest a much more 
heterogeneous environment than is truly present and accessible by single molecule probes given 






Figure 4.6 Normalized distribution of stretching exponent values for all single molecule trajectories collected at all 
temperatures probed.  Lines denoting βmed (solid red) and βQE (dash dot green) values are shown. 
Quasi Ensemble Stretching Exponent 
 Additionally, a method is devised to allow SM data to be directly compared to ensemble 
studies.  Quasi-ensemble ACFs are constructed for each movie for a given temperature by 
averaging corresponding time points of each individual SM ACF.  This ACFQE is fit with a 
stretched exponential, and βQE values are extracted from this fit.  These values serve as guide to 
assess the validity of median β values from individual SMs, and therefore determine whether 
probes are a good reporter of the true heterogeneity of the system.  βQE values for each movie at a 
given temperature and also across temperatures were 0.58 with a standard deviation of 0.02 






















(Table 1.1).  This suggests that the degree of heterogeneity across movies as well as temperatures 
is constant for these experimental measurements of pPDI in PS, at least in this temperature 
range.  Additionally, dielectric measurements of PS report β = 0.5,
146
 which indicates that pPDI 
could still be averaging some of the heterogeneous dynamics present in the system. This is one 
of the only representations to date reporting a stretching exponent that is approaching the true 
degree of heterogeneity via single molecule experiments in a supercooled system.
12,143
  
4.3.4 Single Molecule Translation 
 Unexpectedly, a small subset of molecules appeared to be translating on the same time 
scale as the rotating SMs in films under investigation.  At 100 nm in thickness, an evident mobile 
layer is unexpected based on past experiments studying this “bulk-like” thickness regime.
65
 After 
translational analysis (described in Section 4.2.4) of a movie measured at 377.6 K (see Table 4.1 
for rotational data results at this temperature), single molecule translational trajectories were 
extracted.  These trajectories were mapped onto a summed image of the sum of the first 5 frames 
of the original movie’s images (Figure 4.7 (a)).  Some molecules appear to be immobile (Figure 
4.7 (b)), while other molecules appear to be translating (Figure 4.7 (c)) creating an interesting 
mosaic-like picture of rotating and translating spatial areas of the film (Figure 4.7 (a)).  
Interestingly, the translating molecules appear to be doing so at differing rates spatially and 
temporally i.e. end to end distances vary across trajectories and for individual trajectories, rate of 
translation changes over time.  Qualitatively, it appears that the molecules in this apparent 
mobile region are diffusing orders of magnitude faster than the seemingly translationally 
immobile molecules that are rotating in the bulk-like region of this film. 
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These preliminary results suggest films under confinement will also exhibit a mobile 
region near the glass transition that can be probed using our single molecule techniques. These 
experiments have allowed us to set up an experimental protocol that can be utilized for confined 
films and help us understand the mobility of SMs in this mobile region.  We plan to collect 
single molecule rotational measurements at temperatures above and below Tg with the intent of 
probing the rotational dynamics of SMs in the bulk-like, interior region above the bulk Tg and in 
the mobile, surface region below the bulk Tg. By gathering single molecule rotational data, 
information about the thickness of the mobile and bulk regions as well as the effects of film 
thickness and temperature can be discerned. We hope to gain better understanding of the 
spatially heterogeneous dynamics and dynamic length scales present in confined polymer films.  
These initial findings of mobile molecules in relatively thick films have also encouraged 
investigatation of Stokes Einstein behavior and potential rotational-translational decoupling in 






Figure 4.7 (a) Summed image of pPDI in PS at 377.6 K with overlaid trajectories of each single molecule within the 
sample. Colors indicate the progression of each trajectory in time (time zero is red and colors progress through the 
visible spectrum to violet) (b) An example of an immobile, rotating molecule.  Apparent shift in position of this and 
similar molecules is due to noise and shift in point spread function that occurs as a result of out-of-plane rotation.  
(c) Example of a translating molecule that appears fairly immobile during a portion of the trajectory but very mobile 
during other portions. 
4.4 Discussion 
4.4.1 How do Relaxation Rates Correspond to Stretching Exponents for SM Studies? 
 Investigating correlation between β values and their associated τfit values will allow us to 
gain a better understanding of whether a lower βmed does indeed arise from a faster rotating 
probe.  Faster rotating probes have displayed a lower βmed in previous studies, which is believed 
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to be related to the fact that faster rotating probes are able to report temporal component of 
heterogeneity of the system more accurately.  For this reason, we hypothesize is that the lowest β 
values of a single molecule distribution are arise from the fastest rotating molecules in the 
system.  To test this hypothesis, τfit  and τc of individual SM trajectories for 377.6 K are divided 
into subsets based on their corresponding  β values: 0.3 ≤ β < 0.5, 0.5 ≤ β < 0.7, 0.7 ≤ β < 1.0 and 
1.0 ≤ β < 2.0.  These subsets along with the entire distributions τfit  and τc are plotted in histogram 
form (Figure 4.8). 
 
Figure 4.8 Distributions of (a) τfit  and (b) τc for measurements taken at 377.6 K.  These distributions, which are 
segregated based on their corresponding β values, clearly illustrate the difference in distribution width as well as τmed 
values.  
The subsets of τfit values (based on differing β values) are clearly segregated into distinct 
distributions.  These distributions differ from to total τfit distribution in terms of width and also 
are centered around different, distinct median τfit values.  The distribution of τfit values 
corresponding to 0.3 ≤ β < 0.5, are centered around a much lower median value, whereas, the 
subset corresponding to 0.7 ≤ β < 1.0 have a much higher median τfit value.  As mentioned 
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above, this is most likely due to the fastest molecules having the capacity to explore and report a 
greater degree of dynamically unique environments by simply rotating at a faster rate.  In other 
words, the faster rotating molecules have the opportunity of accessing dynamic exchange on 
shorter time scales, and therefore are able to report not only spatial but also a greater breadth of 
temporal heterogeneity within the system.  There is a small population of molecules that report β 
values greater than 1.0, and as can be seen in Figure 4.8, these molecules report τfit and τc 
distributions that are centered at more of an intermediate value spanning a wider breadth than the 
“low” and “high” β value cases discussed above.  This suggests trajectories with associated β 
values greater than one are either reporting a more complex dynamic situation or arise from 
poorly fit data.  Further investigation is needed to more fully understand this subset of data.  
Although the fastest rotating molecules undeniably report the lowest β values, β is also 
correlated with other parameters.  As pictured in Figure 4.8, it is evident that the fastest rotating 
molecules correspond to the lowest stretching exponents, which is also clear when SM τfit values 
are normalized and plotted with respect to  in scatter form (Figure 4.9).  In addition, the 
correlation between trajectory length and stretching exponent should also be investigated, given 
the previous finding that short trajectories may lead to stretching exponents dominated by 
statistical fluctutations.
20
   When trajectory lengths normalized to their respective τfit are 
examined with respect to their corresponding β, another strong trend appears (Figure 4.8).  As 
trajectory lengths get longer, β values tend toward lower values.  This may result from the 
molecules being able to experience more rotations in a given trajectory and therefore report more 
dynamic exchange events.  This naturally results in a trajectory reporting a greater amount of 
temporal heterogeneity and therefore a lower value of β. 
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Figure 4.9 SM τfit normalized to τfit,med for each individual temperature measurement (solid black squares) and SM 
trajectory length (total “on-time” of molecule until photobleaching) normalized to τfit  (open red circles) with respect 
to their corresponding stretching exponents.  Green dashed line is a guide to the eye. 
4.4.2 Experimental Comparison of τfit Distribution to ILT 
 We devised a method to validate whether the distribution of τfit values arise from the 
single molecules’ ability to report dynamic heterogeneity of the system as opposed to having 
spread due to short, noisy trajectories.   A stretched exponential function, like the one used to 
describe the SM ACFs and ACFQE of the data described above, can also be represented as the 









               
 
 
      
   
     
     (4.6) 
This equation mathematically represents the inverse Laplace transform (ILT).  
Distributions of τfit can be generated by performing an ILT of a stretched exponential function 
(as described in equation 4.6) by inputting a dummy value for τ (which is shifted to the 
appropriate value later) and β value equivalent to βQE (determined above, Table 1.1, Figure 4.10).  
This provides a visualization of the expected spread of τfit values if the system is solely spatially  
heterogeneous case.   
We can exploit this process to directly compare the τfit distribution of the experimental 
data with that of the ILT curve generated for purely spatial and temporal scenarios.  ILT 
distributions generated from an upper and lower bound β are used to represent the full range of 
widths experimental τfit distributions may span, depending how the spatial and temporal 
components are distributed.  The upper bound is set by generating an ILT using βQE from 
experiments, representing the spatially heterogeneous scenario.  A lower bound is simply a 
delta function, representing the homogeneous case with temporal heterogeneity only. These two 
distributions are plotted in Figure 4.10, where an ILT of β = 0.99 is plotted in lieu of β = 1 such 
that it has finite height.  The area under each curve is normalized by its area, which allows height 
to act as a measure of the breadth of the distribution.  
 The upper and lower ILT bounds (β = βQE and β =1 cases) should always be considered 
when drawing conclusions about the degree of heterogeneity indicated by the width of the τfit 
distribution across probes and glass formers.  These bounds serve as a guide to how spatial and 
temporal heterogeneities reported by a given measurement are distributed rather than as a 
measure of the degree of heterogeneity.  The experimental τfit for each temperature normalized to 
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its respective median τfit in Figure 4.10 appears to lie between the purely spatial and temporal 
scenarios, implying that the reported heterogeneities have both temporal and spatial character, 
and cannot be separated using SM experiments or analysis techniques employed thus far.  
Complicating analysis, it must be noted that there may be averaging of temporal heterogeneity in 
the systems by the large, slow probes, which limits reporting of the full temporal heterogeneity 
of the system. On the other hand, since probes are only monitored for a given number of 
rotations, limited dynamic exchanges may occur, again suppressing reported heterogeneity as 
assessed through a median stretching exponent.  Combining information on measured median 
stretching exponent, distribution of stretching exponents, and distribution of measured relaxation 
times may allow untangling of the spatial and temporal components of the underlying native 








Figure 4.10 Experimental distribution of combined normalized τfit values for all temperature probed (dark grey 
histogram). Summation of ILT’s built from individual experimental τfit and corresponding β values (light grey 
histogram). ILT curve for β = 0.99 (blue line) and β = 0.58 (red line, equal to βQE for experimental distribution).   
 
Additional analysis was performed to confirm that the spread of SM τfit values emerged 
from dynamic heterogeneity rather than an uninteresting source such as finite trajectory length 
data. This was tested by performing an ILT on each individual SM trajectory’s stretched 
exponential fit i.e. the β and τfit parameters for each SM.  SM ILTs were then summed to create 
an ensemble ILT distribution.  This distribution was directly compared to the ILT distribution 
produced from βQE.  The distributions closely resembled one another with just a small mismatch. 
We hypothesize this mismatch is a result of fitting SM ACFs with a 2 parameter stretched 
exponential function, which can create an imperfect fit especially for noisy SM ACFs.  Despite 































 ILT "built" from 
fit
 ILT for  =0.58
 ILT for  =0.99
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the small mismatch, the overall similar shape of the constructed ILT to that obtained from the 
ensemble stretched exponential function supports the distribution of measured relaxations as 
truly reflecting system dynamic heterogeneity. 
4.5 Summary 
This study presents a rotational single molecule data of a perylene diimide probe in PS near the 
glass transition temperature. The temperature dependence of the single molecule median 
rotational relaxation times follows that of PS according to the VFT equation, and the relaxation 
rates are slower by ~0.4 decades, as expected based on the size of the probe.  The distributions of 
relaxation times, τfit and τc, for each temperature span 1.5 decades indicating the probes’ ability 
to sample the spatially heterogeneous dynamics present in PS near the glass transition.  A 
combined distribution of stretching exponents for all temperatures is centered at β = 0.63 and 
similarly βQE = 0.58, another indicator that the heterogeneous nature of the host has been 
successfully reported by the probes   Based on previous studies that suggest that the fastest 
rotating probes report a larger breadth of relaxation times and subsequently lower median 
stretching exponents, the probe employed in this study appears to be approaching the limit in 
which all heterogeneity is reported, given the similarity of stretching exponents measured here to 
those obtained from dielectric measurements. We also investigated the correlation of τfit and τc 
values with their associated β values and found that the fastest probes (indicated by τfit) taken 
from the full distribution of relaxation times report the lowest stretching exponents, indicating 
the fastest molecules are able to sample the greatest breadth of dynamics in space and time.  
Moreover, based on the dynamic range of our sampling rate, our ability to monitor the fastest 
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rotating molecules is predicated on the fact that they must be exhibiting fluctuations in dynamics 
into slower regimes during the SM trajectory’s lifetime.  This is an interesting consequence of 
single molecule probe data collection in supercooled liquids and a deeper investigation would be 
appropriate to understand the true origin of the lowest stretching exponents for a given 
distribution of SM data.  Finally, a highly mobile layer containing translating single molecules 
has been observed in 100 nm films in the temperature regime where rotational molecules are 
observed. This is the first report of this behavior for a film of this thickness. This finding sets the 
stage for more SM studies in PS to be conducted in confined systems that employs multiple 








We have presented single molecule (SM) fluorescence study methods and results in 
supercooled glycerol, ortho-terphenyl (OTP), and polystyrene (PS) using a variety of perylene 
diimide (PDI) probes.  We first introduce the concept of highly viscous glassy systems and the 
idea that the underlying dynamics of these systems are spatially heterogeneous.  By interrogating 
these dynamics using the SM techniques we have developed, we have uncovered many 
interesting details about the dynamics near the glass transition temperature of (Tg) supercooled 
liquids.  
First, we presented data collected from three PDI fluorescent probes in supercooled 
glycerol.  For all probes, the average rotational relaxation times (τc) obtained from many 
individual single molecule (SM) trajectories mirrored the temperature dependence of glycerol’s 
viscosity.  This upholds the assumption that probe rotations, on average, report the dynamics of 
the host.  Upon investigation of distributions of SM τc values for each probe, we show that each 
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has a wide distribution indicating that all probes report the spatially heterogeneous dynamics of 
the host.  The comparison of the dynamics of three different probes allowed us to investigate the 
effect of probe size, polarity and structure.  We found that the rotational correlation times were 
correlated with the probe polarity where the least polar probe rotated the fastest.  We believe this 
is due to the fact that the least polar probe has the least amount of dipole intermolecular 
interactions and was able to rotate the most freely being surrounded by glycerol molecules.  
Temporal heterogeneity was also investigated on short times scales using a window shifting 
technique
17
 and ~ 30% of molecules was characterized as heterogeneous on these time scales.   




 times the structural relaxation) was also 
investigated and no evidence of temporal heterogeneity was found on these time scales.  We 
conclude that exchange times detected by window shifting techniques are an upper bound on 
timescales in which exchange occurs. 
Given that we believe that the probe polarity plays an important role in dictating the 
probe rotational rate and therefore its ability to report heterogeneity of the system, we were 
motivated to investigate a nonpolar glass former, OTP, to test this claim.  We presented the data 
from three PDI probes, two of which were used in glycerol SM studies.  As we saw in glycerol, 
the probes had the same temperature dependence as OTP’s viscosity and structural relaxation.  
Upon examining the SM correlation times, each probe’s data showed a wide distribution 
indicating each reported the heterogeneity of the system.  As in glycerol, the widest distribution 
of relaxation times in OTP arose from the fastest rotating probe.  This suggests that only a part of 
the full range of dynamic exchange that occurs is on probe rotational correlation time scales. In 
OTP, the fastest probe is also the smallest probe, demonstrating that the lack of strong probe-host 
intermolecular interactions allows probes to rotate based on the size (and structure) alone.  This 
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study confirms findings from glycerol that suggest dynamic exchange is occurring on or below 
probe rotational time scales.  This study also demonstrated how probe-dependent studies can 
help uncover the regime in which effects of temporal averaging start to occur, which is important 
to consider when using probes to investigate dynamic heterogeneity within glassy system.   
Finally, we turned to investigating PS using single molecule techniques. When confined 
to films that are < 100 nm, PS has been shown to contain a mobile surface layer.  We set out to 
investigate the nature of the heterogeneity in “bulk” PS films with the intention of moving to 
thinner confined films to investigate the details of dynamics within the mobile, surface region.  
We present the data from a PDI probe in 100 nm thick supercooled PS film.  We found that the 
PDI probes mirror the temperature dependence of the structural relaxation of the host PS, and we 
on average only 0.4 decades slower than PS.  This small difference in probe and host dynamics 
suggests that the probe is able to report a very close representation of the host dynamic 
heterogeneity.  The distributions of rotational relaxation times spanned 1.5 decades, the widest 
breadth of relaxation times observed for SM studies to date, indicating the probes’ ability to 
sample the heterogeneous dynamics present in PS near the glass transition.  The median of all 
SM stretching exponents was 0.63, which lies very close to stretching exponents reported by 
dielectric measurements.  Based on the findings of SM studies of glycerol and OTP, this probe 
appears to be approaching the limit of heterogeneity that is able to be reported by SM probes.  
Additional investigation was conducted to evaluate the correlation between rotational relaxation 
times (τfit and τc) and stretching exponent and trajectory length.  We found that the fastest probes 
for a given temperature had the lowest stretching exponent values suggesting the fastest 
molecules have the ability to report the greatest breadth of dynamics.  Moreover, we found that 
probes with the longest trajectory lengths also have the lowest stretching exponents, indicating 
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the longest lived molecules have the opportunity to experience the most dynamic exchange 
events within the sample.  Finally, we present observation of a highly mobile layer containing 
translating molecules in the 100 nm thick PS films under investigation.  This is the first report of 
a mobile surface region in films of this thickness.  This discovery is a nice start to the systematic 
investigation of mobile layers in confined polymer films via SM techniques. 
Our work presents evidence for spatially heterogeneous dynamics in a variety of 
supercooled systems.  We have determined the capabilities and limitations of SM microscopy as 
a technique to study heterogeneity as a function of probe identity, probe rotational rate, probe-
host interactions, and SM trajectory lengths.  In the future, we will be able to tailor the probe to 
most accurately interrogate the features of dynamic heterogeneity we want to investigate within a 
supercooled system.  In sum, this work will allow for a deeper understanding of physical picture 
of polymer systems under confinement.  This work will allow the origin of limitations of these 
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Appendix A. Heating 
Correction 
For all measurements collected using the wide-field fluorescence microscope setup 
during this thesis work, sample temperature regulation and heating from the laser were carefully 
controlled.  Sample stage temperature is measured using a 100  platinum resistive temperature 
device (Pt RTD) mounted directly on the sample stage with the vacuum grease (Apiezon N for 
low temperature glycerol and ortho-terphenyl (OTP) measurements) or no grease (high 
temperature polystyrene measurements). The temperature of the sample stage is controlled using 
a temperature controller (Lakeshore 331S). Sample stage temperature is stable within 50 mK of 
the set-point, with an absolute accuracy set by the Pt RTD calibration (estimated to be better than 
200 mK). Sample temperature can be somewhat higher than Pt sensor temperature due to 
absorption of laser light by the Silicon wafer, which is ≈ 50% absorptive in the visible range.
149
  
To test for power dependence and potentially correct for it in the glycerol and OTP samples 
measured, power series are performed.  Data is taken at multiple laser powers at multiple 
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temperatures since only a small range of powers allows for sufficiently long trajectories and 
sufficient signal to noise for accurate analysis at a given temperature.  Such power series must be 
performed on each sample, as thermal contact and thus heat dissipation varies from sample to 
sample because of differences in the thickness of the vacuum grease used to affix the sample to 
the cryostat.  
 Because the absorption of laser light changes the temperature of the sample, we first 
describe correcting the set temperature to the actual temperature while not adjusting the 
measured rotational relaxation times of the probes, as these values are accurate for the corrected 
temperature.  To make the heating correction in the manner described below, one must assume 
the temperature dependence of the rotational relaxation time of the fluorophore follows the 
temperature dependence of the viscosity of glycerol. The temperature dependence of glycerol’s 
viscosity is known to vary with temperature according to the Vogel-Fulcher-Tammann-Hesse 
(VFTH) law,  






  ,     (A.1) 
with  the viscosity, T the temperature in Kelvin, and B, 0, and T0 fit parameters. The VFTH 
parameters for glycerol in the temperature range investigated here as determined by rheology are 
B = 1260, 0 = 7.9 x 10
-8
, and T0 = 118.
99
 
 Calculation of actual temperature from set temperature and measured rotational 
correlation times of the probes requires use of the DSE equation (Eqn. 2.5).  However, neither T 
nor Vh are known a priori; thus, the actual temperature and Vh are obtained simultaneously using 
a self-consistent approach.  As an initial guess for Vh, the low temperature rotational correlation 
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time values are fit using the DSE equation and the temperature of the sample stage as reported by 
the Pt sensor. At low temperatures, very low laser powers are typically used and little heating is 
expected. The obtained hydrodynamic volume and the DSE equation are then used to 
numerically calculate corrected temperatures of the sample, which should be higher than the 
sample stage temperatures due to the laser heating. Based on the obtained temperatures for <c> 
values (where <c> refers to the median relaxation time obtained from all single molecules in a 
given movie) at each of the set temperatures, an average heating effect in terms of K/mW is 
calculated. This heating effect is then used to calculate a new actual temperature for each <c> 
value. Using this new temperature and the experimental <c> values, a new best-fit Vh can be 
obtained using the DSE equation. Comparing the experimental <c> values at the corrected 
temperatures with the <c> values predicted from the DSE equation and best-fit hydrodynamic 
volume provides a measure with which to evaluate the correction. If the difference in the 
resulting best-fit Vh between iterations is greater than 1%, the temperature correction is repeated 
using the last obtained Vh. In each iteration, a new Vh and new corrected temperatures are 
obtained by fitting the <c> values and their temperature dependence to the DSE equation. The 
calculation is repeated until the difference between calculated Vh in two subsequent iterations is 
< 1%.  
 Actual temperature at which data is collected can be ascertained as described above. 
However, it is often desirable to combine data from different movies and/or different samples. 
While each of these data sets may be collected at the same set temperature, they may not be 
collected at identical actual temperature. To attain sufficient data at a given temperature, 
correcting the values for the relaxation times of the probes to the set temperature rather than 
correcting the set temperature to an actual temperature is necessary. Doing this assumes that 
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time-temperature superposition holds over the temperature range between the set and actual 
temperatures of the combined data.  Given that this range is less than 2K at the highest 
temperatures investigated and less than 0.2K at the lowest temperatures considered, this is 
expected to be a good assumption.  
 Combining Equation A.1 with the DSE equation gives the following relationship: 














     (A.2) 
where 2 is the measured rotational relaxation time, T2 is the actual temperature taking the 
heating effect into account, B and T0 are the VFTH parameters, T1 is the set temperature of the 
sample stage, and 1 is the corrected relaxation time for the sample stage temperature T1. Thus, 
when the actual temperature T2 is known, the 2 values can be corrected to the sample stage 
temperature T1 by multiplying these values by the ratio 1/2.  
Fig. A.1 shows (a) raw data, (b) temperature corrected data, and (c) relaxation time 
corrected data on the dpPDI data set also shown (after relaxation time correction) in Figs. 3 and 4 
in the manuscript. Fig. A.1a shows the experimental data and the eventual best-fit DSE line, 
corresponding to a hydrodynamic volume of 2.02 nm
3
. The best-fit Vh for the uncorrected data, 
the starting point of the iterative process, is 1.94 nm
3
. At low temperature, where low laser 
powers are employed, the points are close to the DSE line. At higher temperature, a deviation is 
apparent, which is due to more substantial heating at the higher laser powers used at these 
temperatures. As described above, the actual temperatures corresponding to the measured <c> 
values are first found (Fig. A.1b), and then the <c> values are corrected to those expected at the 
sample stage temperatures (Fig. A.1c). As expected, following the correction, correlation 
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between <c> values and laser power is no longer present and all points are near the best-fit DSE 





Figure A.1 Median τc values for each of 23 movies of dpPDI before and after heating correction with eventual best-
fit DSE line corresponding to Vh = 2.02 nm
3
. The different symbols represent different laser powers - blue upright 
triangle: 20mW, red circle: 10mW, magenta downright triangle: 7mW, olive left triangle: 8mW, wine right triangle: 






corresponding actual temperature. (c) Corrected median τc values for sample stage set temperature, as also shown in 
Fig. 2.3. 
 
The same procedure applied to SM data collected in glycerol is used for SM data in OTP 
to find both true temperature of the sample for each movie or, alternately, heat corrected c 
values for each data point.  The temperature dependent viscosity data for OTP used to perform 
the heating correction is given in Reference 111.   A nearly identical heating correction is 
performed to obtain relative time scales of probe and host relaxation dynamics as characterized 
by probe rotational correlation time and host structural relaxation time, c/.  If the published 
temperature dependence of viscosity
110
 and structural relaxation
116,150
  of OTP were identical, a 
single c/ for each probe could be extracted from the heating correction procedure based on 
viscosity. However, because these curves are not identical using this approach results in 
somewhat temperature-dependent c/values. To avoid this, we perform a second heating 
correction that yields c/. As for the viscosity-based heating correction, the set temperature is 
first corrected to an actual temperature for each movie collected. Here, it is assumed the 
temperature dependence of probe c follows the temperature dependence of the structural 
relaxation of OTP as given by,   


























    (A.3) 
where τ is the structural relaxation time, T is temperature in Kelvin, and τ0, J and T0 are fit 
parameters. The parabolic fit parameters for OTP in the temperature range investigated here as 





 Using probe rotational correlation times, c, and set temperatures as  and T in Equation 
A.3, respectively, the data is plot and a best-fit line to the data is chosen using the three lowest 
temperature data points, where low laser powers are used and little heating is expected. This 
initial guess line is used to calculate corrected temperatures for the sample. The difference in the 
corrected temperature value and the set recorded temperature is calculated for individual c,med 
values and from this data, an average heating in terms of K/mW is obtained. This average value 
is then used to correct the set temperature to a new corrected temperature for each τc,med point. 
Using the new temperatures and the original τc values, a new best-fit line is found. The slope of 
this line is then artificially increased by 2% and the procedure is repeated. This procedure 
continues until the calculated best-fit line slope is 1 ± 0.01. At that point, the value of the line at 
T = Tg relative to the value of the host structural relaxation at Tg yields τc/τ. Maximum 
difference between a set temperature and corrected temperature is 1.9K for the data presented in 
this manuscript. 
 To attain sufficient data at a given temperature, correcting the values for the relaxation 
times of the probes to the set temperature rather than correcting the set temperature to an actual 
temperature is helpful. Doing this assumes that time-temperature superposition holds over the 
temperature range between the set and actual temperatures of the combined data. With this 
assumption and known actual temperature, heat-corrected τc values can be corrected to the 
sample stage temperature via: 


















































     (A.4) 
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where J and T0 are the parabolic fit parameters, τ2 is the measured rotational relaxation time, T2 is 
the actual temperature, T1 is the set temperature of the sample stage, and τ1 is the corrected 
relaxation time for the sample stage set temperature.  
 This process allows determination of c/however, this value depends sensitively on the 
structural relaxation data, and in cases where multiple sets of data and fits are available, the 
newest published data has been used
4
. A second procedure to determine c/does not depend on 
any particular data set but instead relies on probe measurements, a defined Tg, and a definition of 
as 100s at Tg. Using heat-corrected SM data and extrapolating probe c to Tg = 243K yields 
very similar c/values to those obtained via the procedure described above for all probe:host 
pairs interrogated. 
  
146 
 
 
